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Nitrification in forested ecosystems 

BY G. P. ROBERTSONt 

Department of Microbiology, Swedish University of Agricultural Sciences, S-750 07 Uppsala, Sweden 

Nitrification, the microbial oxidation of NH+-N, plays a key role in the cycling of 
N in forested and other terrestrial ecosystems. Solution losses of nitrate and gaseous 
losses of N2 and nitrous oxides are important vectors of N loss from many forested 
systems and are directly or indirectly controlled by the activity of the nitrifiers. These 
losses can also have important consequences for downstream ecosystems, groundwater 
quality, and atmospheric concentrations of ozone. 

Relative nitrification (the proportion of the total mineral N that is nitrate at the 
end of an incubation period) provides an independent means of evaluating the general 
importance of site factors thought to regulate nitrification in situ. Regressions of 
relative nitrification against soil pH, C: N, and percentage N, with the use of data 
from previously published studies, suggest that although these factors may be 
important regulators of nitrification in particular sites, they are not good predictors 
of nitrification across a wide range of sites. Reasons for their low predictive ability 
may include limitations of current measurement techniques or the capacity of nitrifiers 
to adapt to relatively extreme conditions. 

INTRODUCTION 

The microbial oxidation of NH+-N in soil attracted early attention as a means of producing 
saltpetre for gunpowder during the Napoleonic wars. More recently, attention has stemmed from 
a growing awareness of nitrification's key role as gatekeeper for mineral N losses and losses of 
cations from both cropped and natural ecosystems. 

With minor exceptions, the biochemistry of autotrophic nitrification seems to be well 
understood: nitrifiers mediate the transformation of NH+-N to various less-reduced forms, 
collectively gaining as much as 440 kJ of energy per mole of NH+-N oxidized when nitrate is 
the end product. Less clearly understood are important aspects of their ecology, in particular 
the factors that regulate the rate of NH+-N oxidation in situ. The rate of ammonium oxidation 
can vary strikingly among different systems, however, and has a number of important 
consequences for these systems. Where nitrification occurs slowly, for example, mineral N 
remains in the relatively immobile NHt-N form. But where the oxidation is rapid, the 
ammonium may be quickly transformed to negatively charged NO--N, a form that is 
substantially more mobile than ammonium and susceptible to loss by both solution and gaseous 
pathways. Nitrate is easily leached from most soil profiles and can also act as a terminal electron 
acceptor for denitrifiers, which can subsequently transform it to nitrous oxide or N2. NH+-N, 
on the other hand, is not easily leached from most soils because of cation exchange processes, 
and gaseous losses from unfertilized systems (as NH3) are not likely to be important where soil 
pH is below 7 or the plant canopy is intact (Denmead et al. I976). 
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Associated with solution losses of nitrate are losses of cations such as K+, Ca2+, and NH+ 
that accompany anions in the soil solution to maintain ionic equilibrium. Losses of these 
nutrient cations are exacerbated by the hydrogen ions produced during nitrification; these 
can force other cations into solution by displacing them on cation exchange sites. 

In addition to the impact that nitrifier-regulated losses can have on local systems, there can 
also be important consequences for the systems receiving the N lost. Aquatic systems that receive 
leached nitrate and cations may be significantly affected by the elevated nutrient inputs, and 
high levels of nitrate in groundwater-derived drinking water is an important health problem 
in both industrialized and developing countries (Wilkinson & Greene, this symposium). The 
NOX-mediated degradation of stratospheric ozone has been another source of recent concern 
(Crutzen I 982). 

A number of recent reviews have synthesized available information concerning nitrifier 
taxonomy, biochemistry and the various factors that have the potential to regulate nitrifiers 
on a physiological or population level in the laboratory (see, for example, Focht & Verstraete 
(I 977), Belser (I 979) and Verstraete (i 98 I)). Less readily available, however, are quantitative 
assessments of the importance of these factors in situ, and comprehensive analyses on scales larger 
than a single watershed have apparently not yet been attempted. Only with the increased use 
of similar techniques for measuring nitrification have comparisons across studies become 
possible. Their potential for providing significant insight into the factors that regulate the 
process under field conditions seems considerable. 

In this paper I use published data to review the relation between nitrification and some of 
the principal factors that are thought to regulate nitrate production in situ. A better 
understanding of these factors is essential if we are to be able to predict the effects of disturbance 
on the N status of terrestrial systems and to understand the processes controlling its cycling well 
enough to utilize both native and fertilizer N efficiently. 

NITRIFICATION AND N LOSS IN FORESTED SYSTEMS 

The widespread application of watershed techniques for studying nutrient cycling in forested 
systems has revealed a number of interesting features of the nitrogen cycle in these systems. 
One of the more intriguing of these is the diversity with which the various systems so far studied 
release nitrate to groundwater after clear-cutting or other severe disturbance. While NO3-N 
losses from some systems have remained unchanged after devegetation, losses from other systems 
have been considerable, in some cases more than two orders of magnitude greater than the 
nitrate lost from adjacent, undisturbed control sites (Likens et al. I969; Vitousek & Melillo 
I979; Vitousek et al. I979). Differential nitrification rates among soils of the various sites is 
one of the major mechanisms identified by Vitousek et al. (I979) that could account for these 
intersite differences. In fact, when soils or forest floors from 17 of their control sites were 
incubated in the laboratory, net nitrate production ranged from less than 0.1 to over 
800 mg NO3-N kg-' dry soil per 8 weeks (Vitousek et al. I982). In general, sites with large, 
active populations of nitrifiers tend to lose the most nitrate when the site is disturbed. 

Even in the absence of severe disturbance, nitrification can lead to considerable N losses. 
Bormann & Likens (I 979), for example, estimated that 1900 of the N entering a 55 year old 
northern hardwood forest in the northeastern U.S. is lost as nitrate annually, and Melillo et 
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al. (I98I) suggested that as much as another 27 kg N ha-' may be lost annually through 
gaseous pathways. 

Substantially different rates of nitrate production during laboratory incubations of soils from 
a wide variety of forested and other systems have been extensively documented during the past 
50 years. Six major factors have been identified that appear to affect nitrate production in 
most well drained soils. The evidence for the importance of these factors has come principally 
from correlations of site characteristics with rates of nitrate production in soil incubations, and 
from experimental manipulation of incubated soils. These factors are moisture, temperature, 
C:N ratio, pH, the presence of plant-produced allelochemicals, and the supply of essential 
nutrients, e.g. phosphorus. Low nitrifier populations have also been suggested to limit nitrate 
production in certain situations, but this factor is attributable to the factors that keep the natural 
population in these sites low in the first place. 

In general, increasing the moisture and temperature of soils which actively nitrify tends to 
stimulate nitrification up to a point beyond which rates become substantially reduced; widening 
the C: N ratio with oxidizable carbon (effectively decreasing the availability of NH+-N as it 
becomes immobilized in rapidly expanding heterotroph populations) inhibits nitrate produc- 
tion; increasing the pH of acidic soils with CaCO3 stimulates nitrate formation; adding various 
plant, litter and soil extracts and washings to soils from some sites can decrease nitrate 
production; and several investigators have reported increased nitrate production in some soils 
following the addition of phosphate. 

However, experiments of this nature may yield a misleadingly simple picture of nitrification 
in most soils. Changes in absolute rates of nitrate production in response to experimental 
perturbations of a soil - the means by which the importance of these factors is most commonly 
evaluated - provide little insight into the factors that regulate nitrification per se in unfertilized 
soils. Absolute nitrate production is at least partly a function of N mineralization, the rate at 
which organic N is transformed to a form available to the nitrifiers. Consequently, it is not 
possible to separate the effects of a treatment on nitrification from its effects on mineralization 
unless simultaneous information regarding ammonium production is also made available. For 
example, what is often interpreted as a CaCO3-effected increase in nitrification during 
incubation can in many cases be more accurately described as a CaCO3-effected increase in 
mineralization, with a concomitant increase in nitrate formation due to elevated ammonium 
availability rather than to effects of CaCO3. This is quite a different conclusion from that often 
drawn from such evidence, namely that low pH depresses nitrifier activity. The distinction is 
critical for the development of mechanism-based models for predicting nitrate production in 
soil. 

An alternative measure of nitrification in non-fertilized soils might consider nitrate 
production in relation to the ammonium-supplying capacity of the soil. Such a measure of 
relative nitrification (NO--N/ (NH+-N + NOR-N) at the end of an incubation) can considerably 
enhance the power of the incubation technique. In the example above, nitrification might be 
concluded to be stimulated by liming or be pH-constrained only if the CaCO3 treatment caused 
an increase in the proportion of total mineral N (NH+-N + NO--N) that appears as nitrate 
at the end of the incubation. (Since all of the nitrate produced must at some point have been 
ammonium, summing ammonium and nitrate yields total net nitrogen mineralization or total 
net ammonium availability 
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In addition to providing improved insight into the mechanisms controlling nitrification in 
particular soils, studies that report relative nitrification values in addition to absolute values 
of nitrate production provide the additional advantage of allowing one to make meaningful 
cross-system comparisons. These comparisons can be used to evaluate the general in situ 
relevance of factors that have been suggested to be important in a particular system. 
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FIGURE 1. Relative nitrification in incubated soils plotted against soil pH for temperate deciduous, coniferous and 
wet tropical forest sites. Asterisks after regression coefficients indicate significance levels of p < 0.05 (*) and 
p < 0.01 (**). Data for regressions were taken from studies referenced in table 1. 

LANDSCAPE PATTERNS OF RELATIVE NITRIFICATION 

By comparing rates of relative nitrification with specific soil characteristics for a variety of 
different systems, one can evaluate the general importance of many of the factors so far 
demonstrated to affect nitrification under experimental conditions. If a factor such as pH is 
in general an important regulator of nitrification in terrestrial systems, independently of its effect 
on mineralization, then a regression of relative nitrification against soil pH should reveal that 
pH is a good predictor of relative nitrification. Although a significant correlation would not 
necessarily imply a causal relation, a lack of significance would suggest that it is not an 
important relation in general. 

This approach for examining the in situ importance of factors that appear to regulate 
nitrification has apparently not yet been used for large-scale quantitative comparisons, perhaps 
because until recently sufficient data have been lacking. Only in the past few years have studies 
reporting values for the production of both NOR-N and NH+-N become common. Such an 
approach has long been possible for absolute nitrate production, but the diversity of incubation 
methods would make its interpretation difficult. Length of incubation period and temperature 
and moisture conditions during incubation can substantially alter absolute rates of ammonium 
and subsequently nitrate production, but evidence so far published suggests that within a 
relatively broad range of conditions the relative rates of production will not significantly differ 
for most sites. 
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Regressions of soil pH, C: N, and total N against relative nitrification are shown in figures 
1-3 for deciduous temperate, coniferous and wet tropical forest sites at least 20 years old. Data 
for these regressions were extracted from studies in the literature that reported both NH+-N 
and NOR-N production or accumulation in freshly collected, non-dried soils incubated for 3-6 
weeks at moisture contents of 50-100 o water-holding-capacity. Most soils were incubated in 
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FIGURE 2. Relative nitrification in incubated soils plotted against soil C: N ratios. 
See legend to figure 1 for further explanation. 
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FIGURE 3. Relative nitrification in incubated soils plotted against total percentage N in the soils. 
See legend to figure 1 for further explanation. 

constant-temperature rooms (20-30 ?C), though some were incubated in the field in buried 
bags. When results for several incubation conditions for the same soil were reported, I chose 
data from these conditions nearest a 4 week incubation period, a constant 20 ?C, a 60 o water 
holding capacity, and a mid-growing-season collection date. Incubations of different parts of 
the soil profile (usually F+?H and mineral soil to 15 cm or less) were treated independently, 
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TABLE 1. DATA SET USED FOR REGRESSIONS OF RELATIVE NITRIFICATION AGAINST SELECTED 

SITE CHARACTERISTICS 

(Final N values have been adjusted to a 4-week incubation period for comparative purposes by the formula [{(Ntr- Nti)/tf}t4] + Ni, where Nti is N (milligrams 
per kilogram dry soil) at the beginning of the incubation, Ntf is N at the end, if is the length of the original incubation period, and t4 = 28 days. See text for 
further explanation. n.g. = not given.) 

final N/(mg/kg) soil characteristics (initial) 

forest N03-N Nminerai pH C: N %N NO3-N NH4-N tf reference 

temperate deciduous sites 
mixed oak, SE U.S. < 1 24 n.g. 30 0.08 n.g. n.g. 60 Coile (1940) 
Alsatian lowland, France 

Querceto-Carpinetum 14 57 4.0 16 0.29 n.g. n.g. 42 Lemee (1967) 
Pruneto-Fraxinetum 44 55 4.4 13 0.30 
Quercetum medio-europaeum 9 150 3.7 24 0.82 
Querceto-Molinietum 3 180 3.8 22 1.4 
Alnus+Fraxinus, 30 years 83 110 4.6 12 0.31 
Betula, 25 years 24 68 4.5 15 0.15 

mixed oak, Virelles, Belgium 18 40 6.9 13 0.57 1.1 18 28 Froment & Mommaerts-Billiet (1969) 
mixed oak, Belgium 23 38 6.9 13 0.53 12 2.5 42 Remacle & Froment (1972) 
beech forest, Belgium 

acid mull, A1 130 360 4.2 17 1.01 16 46 42 van Praag & Weissen (1973) 
A12 50 63 3.7 16 0.51 9 8 

moder, L 6.3 22 4.2 32 1.74 3 17 
Ft 6.7 720 4.3 28 1.99 10 95 
F2 6.3 750 4.1 23 2.77 3 181 
All 61 420 3.9 18 1.61 14 83 
A12 37 82 3.4 17 0.76 10 19 

mullous moder, L 18 150 4.4 25 2.17 19 93 
F2 28 625 4.5 19 2.37 15 180 
All 54 18.0 4.0 13 1.26 1 12 
A12 16 21 4.1 17 0.21 3 4 

beech forest, 
Solling, F.R.G.; F, 130 300 4.1 25 1.94 n.g. n.g. 35-49 Runge (0974a, b) 

F2 85 370 3.6 23 1.95 
H 83 150 3.6 20 1.89 
Ah 51 64 3.8 16 0.25 

beech forest, Belgium 
F 22 87 n.g. n.g. 1.94 n.g. n.g. 42 van Praag et al. (I974) 
0-5 cm 16 28 n.g. n.g. 0.71 
5-15 cm 13 17 n.g. n.g. 0.24 

beech forest, France; 
+herbs 0 280 4.6 13 1.86 n.g. n.g. 42 Lemee (1975) 
-herbs 200 280 4.2 14 1.62 

central Europe 
Caria-Fagetum 6.9 7.7 7.4 18 0.3 n.g. (I.8)t von Gadow (1975) 
Melico-Fagetum 1 31 34 7.3 13 1.1 (3.9) 
Aceri-Fraxinetum 1 32 33 7.2 11 1.0 (1.8) 
Aceri-Fraxinetum 2 50 51 4.7 11 0.6 (2.0) 
Melico-Fagetum 2 63 66 5.1 23 0.4 (6.5) 
Aceri-Fraxinetum 3 51 55 5.1 11 0.6 (6.9) 

northern hardwoods, NE U.S.; F-H 29 160 4.2 23 0.96 6 48 30 Melillo (I 977) 
oak-hickory, SE U.S.; Mineral 2.6 2.9 5.6 18 0.20 0.5 1.3 30 Montes & Christensen (0979) 
brown forest soils, Japan 

Kuragari-4, HA less F 10 330 3.6 42 0.89 9 130 35 Ohta & Kumada (1979) 
AB 2 26 4.9 23 0.14 0 9 

Owase-6, F+H 440 520 5.6 26 1.15 180 120 
A 41 72 5.1 14 0.40 11 10 

Owase-2, HA less F 44 910 5.0 18 1.88 22 550 
A, 46 104 5.2 15 0.98 12 11 

Owase-7, A, I1 81 4.3 19 0.57 7 32 
central U.S. 

oak-hickory 1; A 5.3 14 3.9 27 0.17 n.g. n.g. 30 Matson & Vitousek (1981) 
oak-hickory 2; A 4.6 31 4.1 27 0.15 
oak-hickory 3; A 0.9 9.5 3.9 22 0.18 

northern hardwood, NE U.S. 
30 years 0 160 3.7 n.g. n.g. 0 5 28 Melillo et al. (1981) 
50 + years 87 380 3.9 2 44 

oak-hickory, NC U.S. 
mid-successional, FF+A 12 17 5.9 15 0.11 0 3 30 Robertson & Vitousek (1981) 
old growth, FF+A 1.3 16 4.2 12 0.11 0 2.5 

mixed oak, E U.S.; FF+A 29 29 4.4 20 0.16 2 2 
central U.S. 

maple; FF 430 520 5.7 34 1.07 26 120 28 Vitousek et al. (1982) 
A 23 25 5.8 9 0.20 3 4 

oak; FF 220 470 5.2 28 1.60 84 84 
A 1.9 14 3.8 14 0.13 0 2 

northeastern U.S. 
oak-maple; FF 0 150 3.8 22 1.42 0 78 

A 1.6 8.7 4.0 20 0.29 0 0 
northern hardwoods; FF 89 900 4.0 21 2.01 6 120 

A 85 100 4.1 18 0.86 5 13 
aspen, Rocky Mountains, U.S.; FF 133 3203 5.06 19 1.80 0? 210 
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TABLE 1 (cont.) 

final N/(mg/kg) soil characteristics (initial) 

forest N03-N Nmineral pH C: N %N N03-N NH4-N reference 

coniferous forest sites 
spruce, Noruway 

Dryopteris understory 0 230 4.5 n.g. n.g. 0 76 28 Mork (1938) 
Vaccinium understory 0 370 4.3 n.g. n.g. 0 92 

lublully pine, SE U.S. 
young 1 < 1 41 n.g. 19 0.07 n.g. n.g. 60 Coile (1940) 
young 2 < 1 17 n.g. 23 0.06 
70 yrs 11 33 n.g. 21 0.11 

Picea excetlsa, planted, France 10 210 3.6 24 1.16 n.g. n.g. 42 Lemee (1967) 
spruce, Sweden 

Frodeparken 1; H 100 250 3.9 19 1.16 8 95 28 Popovic (1967) 
A, 11 72 4.3 17 0.24 2 10 

Haboskogen; H 1.8 7.5 3.5 35 0.97 2.5 4.0 
A, 0.6 2.7 3.4 21 0.09 1.0 0.6 

Brattforsheden; H 2.2 12.9 3.6 23 0.95 2.2 14.4 
A, 1.0 5.5 4.2 21 0.18 1.3 4.7 

Frodeparken 2; H 29 71 4.4 14 0.44 4 9 
Ao 6 22 4.6 16 0.19 1 5 

Douglas fir, NW U.S.; F 320 340 4.4 22 1.02 240 2 28 Bollen & Lu (1968) 
FF+A 120 130 4.7 21 0.77 79 2 

spruce, S Sweden 
Skarhult; H 36 170 3.6 26 1.26 5 62 42 Popovic (1971) 

Ao-5 cm 4 41 3.6 25 0.36 2 18 
Fulltofta; H 5 190 3.8 32 1.41 3 140 

Ao-s cm 1 28 3.8 22 0.16 1 14 
Tonnersjoheden 1; H 3 73 3.5 34 1.33 3 19 

A 1 10 3.7 35 0.13 2 3 
Tonnershoheden 2; H 2 40 3.4 37 1.20 2 14 

A 1 7.7 3.4 36 0.19 1 4 
Tonnershoheden 3; H 3 83 3.5 31 1.48 3 24 

A 1 10 3.5 31 0.12 1 4 
Pinus sylvestris, Scotland; H 9 290 3.0 47 2.8 n.g. n.g. 62 Williams (1972) 
spruce, planted, Belgium; F1 4 640 4.3 28 1.97 13 120 42 van Praag & Weissen (1973) 

F2 0 300 3.5 26 2.04 0 110 
H-A,1 < 1 67 3.3 26 1.23 1 30 
A12 0 15 3.3 29 0.45 0 8 

spruce, Belgium; F 13 270 3.6 33 1.43 n.g. n.g. 42 Froment & Remacle (1975) 
H 9 180 3.4 34 0.99 n.g. n.g. 
A, (0-5 cm) 6 44 3.8 20 0.46 n.g. n.g. 

Pinus radiata, S Australia; FF 
sand podzol 1 6 23 6.1 n.g. n.g. n.g. n.g. 90 Lamb (1975) 

2 6 71 6.2 
3 8 72 6.0 
4 79 94 5.7 

humus podzol+gleyed podzolic 1 120 140 6.2 
2 9.6 69 6.2 
3 180 350 5.5 

terra rossa/sand podzols 1 190 280 6.0 
2 220 300 6.1 
3 160 210 6.1 

terra rossa 45 cm deep 75 92 6.2 
100 cm deep 150 240 6.0 

Pinus banksiana, Ontario; F+H 38 460 4.4 24 0.82 n.g. n.g. 28 Morrison & Foster (1977) 
northern boreal, N Sweden 

site 1 0.5 7.3 4.2 39 0.79 < 1 < 1 42 Popovic (1977) 
2 0.5 7.2 4.2 38 0.79 < 1 6 
3 0.5 7.2 4.1 54 0.75 < 1 6 
4 0.5 13 4.3 38 0.85 < 1 2 
5 0.5 20 4.1 42 0.84 < 1 3 
6 0.5 4.2 4.4 42 0.63 < 1 I 

Pinus taida, SE U.S.; A 0.36 0.54 5.0 13 0.15 0.42 0.51 30 Montes & Christensen (1979) 
Pinus spp. NC U.S.; FF+A 8.5 13 6.5 19 0.04 0.5 1.4 30 Robertson & Vitousek (1981) 
Pinus sp., planted, c. U.S.; FF 0 77 3.4 52 0.84 0 14 28 Vitousek et at. (1982) 

A 0 0.5 3.7 15 0.07 0 0.7 
northeastern U.S. 

red pine; FF 0 72 3.2 26 1.22 0 26 
A 2.9 6.6 3.7 24 0.26 0 0 

balsam fir; FF 32 73 3.1 26 1.55 0 188 
A 0 400 3.2 17 0.43 4 13 

Rocky Mountains, S c. U.S. 
ponderosa pine; FF 0 42 6.4 29 1.10 0 62 

A 0 3.4 6.8 30 0.08 2.1 2.2 
mixed conifer; FF 10 150 5.4 39 1.09 24 190 

A 4.7 10.5 5.8 39 0.09 0 11 
spruce fir; FF 0 120 5.2 25 1.51 0 220 

A 0 21 4.7 8 0.29 0 12 
northwestern U.S. 

hemluck rainfurest; FF 54 110 4.1 52 0.78 5 54 
A 14 17 3.7 10 1.29 1 6 

douglas fir; FF 14 83 4.9 36 0.98 0 87 
A 2.5 8.7 4.3 8 0.11 0 1.3 

silver fir; FF 0 31 3.4 32 1.10 0 25 
A 0 1.7 4.0 24 0.10 0 1.7 
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TABLE 1 (cont.) 
final N/(mg/kg) soil characteristics (initial) 

, A- 

forest NO3-N Nmineral pH C: N %N NO2-N NH4-N t reference 

wet tropical sites 
tropical rainforest, Jamaica 

mor ridge; 0-10 cm 100 460 3.0 30 1.58 31 360 40 Tanner (1977) 
mull ridge; (}10 cm 110 370 3.6 18 1.67 17 240 
wet slope; 0-10 cm 71 150 4.1 11 0.35 0 180 
gap forest: 0-10 cm 280 380 4.3 17 0.52 44 210 

lowland rainforest, Australia 
43 years 65 68 5.5 7 0.78 15 3 20 Lamb (1980) 
53 years 61 68 5.3 6 0.83 11 3 
> 53 years 88 98 5.0 5 0.98 15 3 

Ivory Coast, West Africa 
lowland rainforest, Banco 1 5.7 8.5 4.0 n.g. n.g. 0.0 5.1 42 de Rham(1970) 

2 7.3 9.8 3.9 0.8 3.1 
3 11 17 3.8 2.7 4.7 

lowland rainforest, Yapo 1 11 15 4.8 5.1 3.2 
2 36 48 4.9 8.3 4.1 
3 6.1 18 4.4 0.0 9.0 

semi-deciduous forest 1 11 19 5.5 8.3 4.3 
2 13 16 5.5 9.1 1.7 

t Numbers in parentheses indicate absolute values of negative production values. 

as long as chemical characteristics of the profile components were also reported separately. The 
data used for the regressions are presented in table 1. Nitrogen accumulation (final N) values 
rather than production (final N minus initial N) values were used to calculate relative 
nitrification whenever possible to avoid interpretational and statistical difficulties associated 
with negative production values (which can occur when net immobilization exceeds net 
nitrification or net ammonification). In cases where only production values were reported, 
initial ammonium and nitrate values were assumed to equal zero or the absolute value of the 
lowest negative production value. Arcsine transformations of relative nitrification values were 
used in the regression analysis. 

The most striking feature of these regressions is the relative lack of coherent pattern: contrary 
to conventional wisdom, only in the wet tropical forest sites do soil pH, C: N or percentage 
N explain a large portion of the variance in relative nitrification. In these sites the C: N ratio 
apparently explains 71 % of the variance (n = 7, p < 0.01), although the extremely small 
sample size makes any judgement tenuous. In neither the temperate deciduous nor the 
coniferous sites are such relations evident. In the deciduous forests pH can explain as much 
as 240% of the variance (n = 56, p < 0.01), and in the coniferous as much as 190% (n = 56, 
p < 0.01). Taken together (table 2), pH, C:N and percentage N can explain up to 380% of 
the variation in relative nitrification in temperate deciduous sites (n = 56, p < 0.01), but only 
130% in the coniferous sites in which all four factors were measured (n = 56, p < 0.10). 

There are a number of possible explanations for the relatively poor ability of these factors 
to explain the pattern of relative nitrification in these systems. The first and most obvious is 
that relative nitrification (as defined here) is a poor indicator of nitrifier activity. This argument 
is difficult to evaluate fully with information currently available. The index seems to make 
conceptual sense and appears to offer a useful means for evaluating nitrification independently 
of mineralization in incubation studies, but it could be inappropriate for multi-study 
comparisons, especially if relative nitrification is more variable under different moisture and 
temperature incubation conditions than the data currently available indicate. 

A second reason for the poor fit may be that the incubation technique in general yields a 
misleading picture of nitrification or mineralization in soils. Particularly open to criticism is 
the standard practice of mixing and sieving soil before incubation. Increased mineralization 

[ 150 ] 



NITRIFICATION IN FORESTED ECOSYSTEMS 453 

and nitrate production after mixing and sieving of various incubated soils - especially mor types 
of humus - is well documented (Romell I935; Tamm & Pettersson I969; Melillo I977). Effects 
on relative nitrification, however, are not well documented. In the absence of information to 
the contrary, though, it seems plausible that the measure is as robust for this perturbation as 
it is for the usual moisture and temperature range. In any case, mixing and sieving may not 
affect the ability of these soil factors to predict relative nitrification because the soils upon which 
the conventional predictions are based were also mixed and sieved. Unless the artificial 

TABLE 2. MULTIPLE-REGRESSION COEFFICIENTS FOR RELATIVE NITRIFICATION IN INCUBATED SOILS 

AGAINST SELECTED SOIL CHARACTERISTICS AS REPORTED IN THE STUDIES LISTED IN TABLE 

(Values for wet tropical forest sites are not shown, owing to the small sample size (n = 7).) 

temperate deciduous 
forests coniferous forests 

factors r2 n r2 n 

pH, C:N 0.29** 56 0.12* 56 
pH, %N 0.36** 56 0.06 56 
C:N, %N 0.23** 57 0.08 59 
pH, C:N, %N 0.38** 56 0.13 56 

*, p <0.05; **, p <0.01. 

TABLE 3. REGRESSION COEFFICIENTS FOR RELATIVE NITRIFICATION IN INCUBATED SOILS AGAINST 

THE PERCENTAGE OF TOTAL N MINERALIZED IN THE SOILS DURING THE INCUBATION PERIOD 

(100 X Nmineral/Ntotal) 

(See table 1 for references.) 

system r2 n 
temperate deciduous forest 0.04 60 
coniferous forests 0.001 58 
wet tropical forests 0.09 7 
temperate agriculture 0.003 58 

*, p <0.05; **, p <0.01. 

disturbance associated with incubation causes treated soils to react qualitatively differently to 
a treatment than if they had not been disturbed, this application of the technique should be 
valid. 

A third incubation effect that could also affect the relative nitrification rate is the quick 
degradation of highly labile plant-produced allelochemicals in soils removed from the influence 
of living roots and throughfall (Rice I979; Moleski I976). However, such effects are very 
difficult to assess, given the ambiguity of the information currently available (Robertson & 
Vitousek I98i), and evidence for even recalcitrant nitrification inhibitors is weak (Robertson 
I 982). 

If the nitrification index used is reasonable, there remain at least two explanations for the 
patterns observed in these analyses. The first is that the factors known to affect nitrification 
in the laboratory may not be accurately characterized in the field. For example, the limitations 
of bulk soil pH measurements have long been recognized (Romell & Heiberg I93I): the 
appropriate measure may be microsite pH, and the techniques for making such measurements 
are not practical. C:N ratios and percentage N data are used mainly as indicators of the 
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availability of N at a site, though both may bear little relation to the rate at which N is 
mineralized (Keeney I980). An alternative measure might be the proportion of the total N 
in a soil that is mineralized over an incubation period of several weeks, though this measure 
no better predicts relative nitrification in soils than do the others analysed above (table 3). A 
better index of the N status of a forested site could be the C:N ratio of freshly fallen litter 
(Vitousek I 982): where N is in short supply, perennial vegetation might be expected to conserve 
as much N as possible from one season to the next by withdrawing it from senescing leaves 
(Turner I977) or by increasing the efficiency of use of the nitrogen taken up. Consequently, 
in stressed sites, litter has a high C: N ratio. The effects of potential allelochemical compounds in 
soils may also be inadequately measured as yet. Many of the techniques so far used to indicate 
their presence and importance possess fundamental flaws (Robertson I 982), but such inhibitors 
could be important in some sites. They may be mainly important in sites that are nutrient-poor, 
since plants might be expected to invest in nitrifier-specific toxins only where N availability 
could be enhanced or H+ production deleterious. 

The remaining explanation for the inability of these factors to explain more than a small 
amount of the variation in relative nitrification is that the techniques used to evaluate the 
potential importance of a site factor - nitrification rates along an experimentally induced 
environmental gradient - may overrate the factor's importance. There is mounting evidence 
of the capacity for nitrifiers to adapt to conditions in situ (Ulyanova 196I, I962; Mahendrappa 
et al. I966; Thiagalingam & Kanehiro I973; Monib et al. I979), so that the inability of a 
nitrifier population developed under one set of conditions (e.g. high pH) to nitrify under 
another (e.g. low pH) may have little bearing on the ability of a population developed under 
the different conditions to nitrify. This means that in most forests, nitrification per se may be 
relatively unaffected by pH, C:N, and percentage N conditions. Rather, in most sites N 
availability may be the principal factor regulating rates of nitrification (Romell I935; 

Robertson & Vitousek i98i). 

RELATIVE NITRIFICATION IN AGRICULTURAL SYSTEMS 

Conventional wisdom regarding the factors that regulate nitrification is based principally 
on experimental results from agricultural soils, but re-examination of these data by using 
relative nitrification rather than absolute nitrate production to indicate the general importance 
of a factor is also interesting (figure 4). Soil pH can explain 41 % of the variation in relative 
nitrification across different sites (n = 58, p < 0.01), and active nitrification occurs in some 
soils at pH < 4.5. None of the other factors examined appear significantly related to relative 
nitrification rates (table 4). The soils used in these regressions were dried before incubation 
and the results should therefore be interpreted cautiously (Birch I960), but the regressions 
indicate that nitrification in agricultural soils may also be more complex than conventional 
wisdom often implies. 

CoNCLUSIONS 

Rates of nitrification vary widely among forested and other terrestrial ecosystems, and these 
rates can have important consequences for site fertility and for N enrichment of downstream 
ecosystems. Relative nitrification (the proportion of mineral N that is nitrate at the end of an 
incubation period) can provide significant insight into the factors that regulate nitrification 
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TABLE 4. REGRESSION COEFFICIENTS FOR RELATIVE NITRIFICATION IN INCUBATED TEMPERATE 

AGRICULTURAL SOILS AGAINST SELECTED SOIL CHARACTERISTICS 

(See legend to figure 4 for references.) 

factors r2 n 
pH 0.41** 58 
C:N 0.07 51 
%N 0.001 58 
pH, C:N 0.39** 51 
pH, %N 0.42** 58 
C:N, %N 0.08 51 
pH, C:N, %N 0.39** 51 
%N mineralized 0.003 58 

*,p <0.05; **, p <0.01. 

1.0 -* . * .. .e . ., . ** e.... 
0 .0 

0.8 0 

0 06 Z * . temperate 
agriculture, r 0.41** 

0.4 - 

0.2 - 

01~~~~~~0 0 00 . I I I 
3 4 5 6 7 8 

pH 

FIGURE 4. Relative nitrification in incubated temperate agricultural soils plotted against soil pH. * *, p < 0.01. Data 
for regressions were extracted from Ahrens (I 977), Brar & Giddens (I968), Cornfield ( 952), Ekpete & Cornfield 
(i966), Jones & Hedlin (I97o), Justice & Smith (I962), Kowalenko & Cameron (I976), McCormick & Wolf 
(i 980), Nyborg & Hoyt (I 978), Reichman etal. (i 966), Soulides & Clark (I 958), Vlassak (I 970), and Westerman 
& Tucker (I974). 

independently of mineralization. Additionally, such an index provides the opportunity to make 
cross-study evaluations of the factors that appear to regulate nitrification. 

Regressions of relative nitrification against soil pH, C: N, and percentage N for a wide variety 
of forested sites suggest that, while these factors may be locally important regulators of 
nitrification in some sites, in general they are not good predictors of relative nitrification. This 
may be because current measurement techniques are inadequate or because nitrifiers can adapt 
to relatively extreme conditions. A better understanding of the factors that regulate nitrification 
at a mechanistic level will allow better predictions of the rates of nitrification in the field, and 
subsequently permit better predictions of the effects of disturbance on N loss and more efficient 
utilization of native and fertilizer N. 
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T. Rosswall for reading and commenting on an earlier draft. I also thank E. Wishinsky for help 

[ 153 ] 



456 - G. P. ROBERTSON 

with the statistical computations. Financial support was provided by a ScoPE-Mellon 
Foundation postdoctoral fellowship and the SCOPE/UNEP International Nitrogen Unit, Royal 
Swedish Academy of Sciences, Stockholm. 

REFERENCES 

Ahrens, E. 1977 Beitrag zur Frage de Indikatorfunktion der Bodenmikroorganismen am Beispiel von drei 
verschiedenen Nutzungsstufen eines Sanbodens. Cited in Verstraete (I98I). 

Belser, L. W. I979 Population ecology of nitrifying bacteria. A. Rev. Microbiol. 33, 309-333. 
Birch, H. F. I960 Nitrification in soils after different periods of dryness. PI. Soil 12, 81-96. 
Bollen, W. B. & Lu, K. C. I968 Nitrogen transformations in soils beneath red alders and conifers. In Biology of 

alder (Proceedings of a Symposium), pp. 141-148. Portland, Oregon: U.S.D.A. Forest Service. 
Bormann, F. H. & Likens, G. E. I979 Pattern and process in a forested ecosystem. New York: Springer-Verlag. 
Brar, S. S. & Giddens,J. I968 Inhibition of nitrification in a Bladen grassland soil. Proc. Soil Sci. Soc. Am. 31, 821-823. 
Coile, T. S. 1940 Soil changes associated with loblolly pine succession on abandoned agricultural land of the 

piedmont plateau. Bull. Sch. For. Duke Univ. 5, 1-85. 
Cornfield, A. H. 1952 The mineralization of the nitrogen of soils during incubation: influence of pH, total nitrogen, 

and organic carbon contents. J. Sci. Fd Agric. 3, 343-349. 
Crutzen, P. J. I982 Atmospheric interactions - homogeneous gas reactions of C, N, and S containing compounds. 

In Interactions of the biogeochemical cycles. (SCOPE Report.) (In the press.) 
Denmead, 0. T., Freney,J. R. & Simpson,J. R. 1976 A closed NH3 cycle within a plant canopy. Soil Biol. Biochem. 

8, 161-164. 
Ekpete, D. M. & Cornfield, A. H. I966 Effect of varying, static and changing moisture during incubation on NH3 

and NO3 levels in soils. J. agric. Sci., Camb. 66, 125-129. 
Focht, D. D. & Verstraete, W. 1977 Biochemical ecology of nitrification and denitrification. Adv. microb. Ecol. 1, 

135-214. 
Froment, A. & Mommaerts-Billiet, F. I969 La respiration du sol, l'azote mineral et la decomposition des feuilles 

de chene et de hetre en relation avec les facteurs de ['environment. Bull. Soc. r. Bot. Belg. 103, 387-410. 
Froment, A. & Remacle,J. I975 Evolution de l'azote minral et de la microflore dans le sol d'une pessiere (Picetum) 

h Mirwart. Bull. Soc. r. Bot. Belg. 108, 53-64. 
Jones, R. W. & Hedlin, R. A. 1970 Ammonium, nitrite and nitrate accumulation in three Manitoba soils as 

influenced by added ammonium sulphate and urea. Can. J. Soil Sci. 50, 331-338. 
Justice, J. K. & Smith, R. L. I962 Nitrification of ammonium sulphate in a calcareous soil as influenced by 

combinations of moisture, temperature, and levels of added nitrogen. Proc. Soil Sci. Soc. Am. 25, 246-250. 
Keeney, D. R. I980 Prediction of soil nitrogen availability in forest ecosystems: a literature review. For. Sci. 26, 

159-171. 
Kowalenko, C. G. & Cameron, D. R. I976 Nitrogen transformations in an incubated soil as affected by 

combinations of moisture content and temperature and absorption-fixation of NH4. Can. J. Soil Sci. 55, 63-70. 
Lamb, D. I980 Soil nitrogen mineralisation in a secondary rainforest succession. Oecologia 47, 257-263. 
Lamb, D. I975 Patterns of nitrogen mineralisation in the forest floor of stands of Pinus radiata on different soils. 

J. Ecol. 63, 615-625. 
Lemee, G. I967 Investigations sur la mineralisation de l'azote et son evolution aujuelle dans les humus forestiers 

in situ. Oecol. Plant. 2, 285-324. 
Lemee, G. I975 Recherches sur le ecosystemes des reserves biologiques de la Foret de Fontainebleau. III. Influence 

du peuplement gramineen sur le caracteres et l'activite biologique du mull acide. Revue Ecol. Biol. Sol 12, 157-165. 
Likens, G. E., Bormann, F. H. & Johnson, N. M. I969 Nitrification: importance to nutrient losses from a cutover 

forested ecosystem. Science, N. Y. 163, 1205-1206. 
Mahendrappa, M. K., Smith, R. L. & Christiansen, A. T. I966 Nitrifying organisms affected by climatic region 

in western U.S. Proc. Soil Sci. Soc. Am. 30, 60-62. 
Matson, P. A. & Vitousek, P. M. I98I Nitrogen mineralization and nitrification potentials following clearcutting 

in the Hoosier National Forest, Indiana. For. Sci. (In the press.) 
McCormick, R. W. & Wolf, D. C. I980 Effect of NaCl on CO2 evolution, ammonification and nitrification in 

a Sassafras sandy loam. Soil Biol. Biochem. 12, 153-157. 
Melillo, J. 1977 Mineralization of nitrogen in northern forest ecosystems. Ph.D. thesis, Yale University. 
Melillo, J. M., Aber, J. D., Steudler, P. A. & Schimel, J. P. I98I Denitrification potentials in a successional 

sequence of northern hardwood forest stands [abstract]. Presented at 5th Int. Biogeochemistry Symposium, 
Stockholm. 

Moleski, F. L. 1976 Condensed tannins in soil: inputs and effects on microbial populations. Ph.D. thesis, University 
of Oklahoma. 

Monib, M., Hosny, I., El-Hadidy, T. T. & El-Shahawy, R. I979 Temperature adaptability of nitrifying bacteria 
in soils of Egypt. Zentbl. Bakt. 11 134, 528-535. 

Montes, R. A. & Christensen, N. L. 1979 Nitrification and succession in the Piedmont of North Carolina. For. 
Sci. 25, 287-297. 

[ 154 l 



NITRIFICATION IN FORESTED ECOSYSTEMS 457 

Mork, E. I938 Omsetningen i humusdekket ved forskjellig temperatur og fuktighet. Meddr norske SkogforsVes. 6, 
178-224. 

Morrison, I. K. & Foster, N. W. I977 Fate of urea fertilizer added to a boreal forest Pinus banksiana Lamb. stand. 
J. Soil Sci. Soc. Am. 41, 441-448. 

Nyborg, M. & Hoyt, P. B. I978 Effects of soil acidity and liming on mineralization of soil nitrogen. Can. J. Soil 
Sci. 58, 331-338. 

Ohta, S. & Kumada, K. I979 Studies on the humus forms of forest soils. 8. Effects of the addition of ammonium 
sulfate on mineralization of nitrogen in forest soils. Soil Sci. P1. Nutr. 25, 601-609. 

Popovic, B. I967 Kvdvemobiliseringsfdrsok med humusprov fran godslingsfdrsoksytor i skogsbestand pa fastmark. Research 
notes, Dept For. Ecol. and For. Soils, R. Coll. For., Stockholm, vol. 6, pp. 1-31. 

Popovic, B. I97I Auswirkung der Durchforstung auf die Stickstoffmobilisierung in Humus- und Mineralbodenproben eineger 
Fichtenbestdnde in Siidschweden. Research notes, Dept For. Ecol. For. Soils, R. Coll. For., Stockholm, vol. 8, pp. 
1-38. 

Popovic, B. I977 Effect of NH4NO3 and urea fertilizers on nitrogen mineralization, especially nitrification, in a forest soil. 
Research notes, Dept For. Ecol. For. Soils, R. Coll. For., Stockholm, vol. 30, pp. 1-33. 

Reichman, G. A., Grunes, D. L. & Viets, F. G. I966 Effect of soil moisture on ammonification and nitritication 
in two northern plains soils. Proc. Soil Sci. Soc. Am. 30, 363-366. 

Remacle, J. & Froment, A. I972 Mineral nitrogen contents and microbial counts in calcareous soils under oak 
at Virelles (Belgium). Oecol. Plant. 7, 69-79. 

de Rham, P. I970 L'azote dans quelques forets, savanes et terrains de culture d'Afrique tropicale humide. Verdff. 
geobot. Inst. Zurich 45, 1-125. 

Rice, E. L. I979 Allelopathy - an update. Bot. Rev. 45, 15-109. 
Robertson, G. P. I982 The control of nitrification in primarv and secondary succession. Ecology. (In the press.) 
Robertson, G. P. & Vitousek, P. M. I98I Nitrification potentials in primary and secondary succession. Ecology 

62, 376-386. 
Romell, L. G. I935 Ecological problems of the humus layer in the forest. Cornell Univ. Agric. exp. Stn. Mem. no. 

170, pp. 1-28. 
Romell, L. G. & Heiberg, S. 0. I93I Types of humus layer in the forests of northeast U.S. Ecology 12, 567-608. 
Runge, M. I974a Die Stickstoff-mineralisation im Boden eines Sauerhumusbuchenwaldes. I. Mineralstickstoff- 

gehalt med Netto-mineralisation. Oecol. Plant. 9, 201-218. 
Runge, M. I974b Die Stickstoff-mineralisation im Boden eines Sauerhumusbuchenwaldes. II. Die Nitratproduk- 

tion. Oecol. Plant. 9, 219-230. 
Soulides, D. A. & Clark, F. E. I958 Nitrification in grassland soils. Proc. Soil Sci. Soc. Am. 22, 308-311. 
Tamm, C. 0. & Pettersson, A. I969 Studies on nitrogen mobilisation in forest soils. Studia for. suec. 75, 3-39. 
Tanner, E. V.J. I977 Four montane rainforests of Jamaica: a quantitative characterization of the floristics, the 

soils and the foliar mineral levels, and a discussion of the interrelations. J. Ecol. 65, 883-918. 
Thiagalingam, K. & Kanehiro, Y. I973 Effect of temperature on nitrogen transformations in Hawaiian soils. P1. 

Soil 38, 177-189. 
Turner, J. I977 Effect of nitrogen availability on nitrogen cycling in a Douglas fir stand. For. Sci. 23, 307-316. 
Ulyanova, 0. M. I96I Adaptation of Nitrosomonas to the existence conditions on various natural substrates. 

[English summary.] Mikrobiologia 30, 236-242. 
Ulyanova, 0. M. I962 Adaptation of Nitrosomonas ecotypes to concentrations of organic substances in their 

environment. [English summary.] Mikrobiologia 31, 77-84. 
Van Praag, H. J. & Weissen, F. I973 Elements of a functional definition of oligotroph humus based on the nitrogen 

nutrition of forest stands. J. appl. Ecol. 10, 569-583. 
Van Praag, H. J., Weissen, F., Brigode, N. & Dufour, J. I974 Evaluation de la quantite d'azote mineralise par 

an, dans un sol de hetraie Ardennaise. Bull. Soc. r. Bot. Belg. 107, 137-145. 
Verstraete, W. I98I Nitrification. In Terrestrial nitrogen cycles: processes, ecosystem strategies and management impacts (ed. 

F. E. Clark & T. Rosswall) (Ecol. Bull., Stockh. 33), pp. 303-314. 
Vitousek, P. M. I982 Nutrient cycling and nutrient use efficiency. Am. Nat. (In the press.) 
Vitousek, P. M. & Melillo, J. M. I979 Nitrate losses from disturbed forests: patterns and mechanisms. For. Sci. 

25, 605-619. 
Vitousek, P. M., Gosz, J. R., Grier, C. C., Melillo, J. M., Reiners, W. A. & Todd, R. L. I979 Nitrate losses from 

disturbed ecosystems. Science, N.Y. 204, 469-474. 
Vitousek, P. M., Gosz,J. R., Grier, C. C., Melillo,J. M. & Reiners, W. A. I982 A comparative analysis of potential 

nitrification and nitrate mobility in forest ecosystems. Ecol. Monogr. (In the press.) 
Vlassak, K. I970 Total soil nitrogen and nitrogen mineralization. P1. Soil 32, 27-32. 
von Gadow, A. I975 Okologische untersuchungen in Ahorn-Eschenwaldern. Ph.D. thesis, Georg-August- 

Universitat, Gottingen. 
Westerman, R. L. & Tucker, T. C. I974 Effect of salts and salts+ nitrogen-15-labeled NH4Cl on mineralization 

of soil nitrogen, nitrification and immobilization. Proc. Soil Sci. Soc. Am. 38, 602-605. 
Williams, B. L. I972 Nitrogen mineralization and organic matter decomposition in Scots pine humus. Forestry 45, 

177-188. 

[ 155 ] 


	Article Contents
	p. 445
	p. 446
	p. 447
	p. 448
	p. 449
	p. 450
	p. 451
	p. 452
	p. 453
	p. 454
	p. 455
	p. 456
	p. 457

	Issue Table of Contents
	Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences, Vol. 296, No. 1082, The Nitrogen Cycle (Jan. 27, 1982), pp. 299-576
	Front Matter [pp. ]
	Agriculture and the Nitrogen Cycle
	Agricultural Productivity and the Nitrogen Cycle [and Discussion] [pp. 303-314]
	Fertilizer Trends in Relation to Biological Producitivity Within the U. K. [pp. 315-328]
	Agricultural Development and Advisory Service (A.D.A.S) Recommendations to Farmers on Manure Disposal and Recycling [pp. 329-332]
	An E.E.C. Viewpoint on Animal Waste Disposal [pp. 333-339]
	A Review of Models of Investigating the Behaviour of Nitrogen in Soil [pp. 341-349]
	Modelling of Crop Response to Nitrogen Fertilizer [and Discussion] [pp. 351-362]
	Fate of Nitrogen Applied to Agricultural Crops with Particular Reference to Denitrification [and Discussion] [pp. 363-373]
	Biology Nitrogen Fixation: Fundamentals [pp. 375-385]
	Nitrogen Fixation by Grain Legumes in the U.K. [pp. 387-395]
	Biological Nitrogen Fixation and Grassland Production in the United Kingdom [pp. 397-404]
	Biological Nitrogen Fixation in Upland and Marginal Areas of the U.K [and Discussion] [pp. 405-417]

	Forestry and the Nitrogen Cycle
	Nitrogen Cycling in Undisturbed and Manipulated Boreal Forest [and Discussion] [pp. 419-425]
	Nitrogen Cycling in United Kingdom Forests: The Relevance of Basic Ecological Research [and Discussion] [pp. 427-444]
	Nitrification in Forested Ecosystems [pp. 445-457]

	Nitrogen Cycling in Aquatic Ecosystems
	The Water Industry and the Nitrogen Cycle [and Discussion] [pp. 459-475]
	Nitrate Leaching to Groundwater [pp. 477-489]
	Nitrogen Cycling in Eutrophic Freshwaters [and Discussion] [pp. 491-509]
	Nitrogen Cycling in Sea Waters [pp. 511-520]

	The Nitrogen Cycle: Some Manmade Perturbations
	The Role of Fixed Nitrogen in Atmospheric Photochemistry [pp. 521-541]
	Nitrogen as a Potential Health Hazard [pp. 543-550]
	Nitrogen Cycling in Upland Pastures of the U. K. [pp. 551-556]
	The Creation of Nitrogen Cycles in Direlict Land [pp. 557-561]
	The Nitrogen Cycle in Long-Term Field Experiments [pp. 563-571]

	General Discussion [pp. 573-574]
	Concluding Remarks [pp. 575-576]
	Back Matter [pp. ]



