
Inve s ti ga tors from many diverse disciplines—agron o-
m i s t s , a tm o s ph eric ch em i s t s , eco l ogi s t s , geoch em i s t s ,

m eteoro l ogi s t s , and microbi o l ogi s t s — a ll stu dy em i s s i ons of
n i trous ox i de (N2O) and nitric ox i de (NO) from soi l s . Th ei r
com m on interest in soil em i s s i ons of n i trogen ox i des stem s
f rom the attem pt to answer the fo ll owing qu e s ti on s :

• Are em i s s i ons of N2O and NO from soils of su f f i c i en t
m a gn i tu de to sign i f i c a n t ly affect the regi onal and gl ob a l
bu d gets of these gases in the atm o s ph ere ,a n d , i f s o, do
these em i s s i ons also sign i f i c a n t ly affect gl obal warm i n g
and the ch emical processes of ozone (O3) produ cti on in
the tropo s ph ere and ozone de s tru cti on in the stra to s-
ph ere ?

• Are em i s s i ons of N2O and NO from soils of su f f i c i en t
m a gn i tu de to affect the econ omic retu rn of n i trogen
(N) ferti l i zer use by farm ers ,a n d , to ad d ress ei t h er eco-
n omic or envi ron m ental con cern s , can agri c u l tu ra l
practi ces be mod i f i ed to redu ce ga s eous em i s s i ons and
i m prove the ef f i c i ency of ferti l i zer use?

• Do ch a n ges in land use, p a rti c u l a rly defore s t a ti on , c a t t l e
p a s tu re devel opm en t , refore s t a ti on , and affore s t a ti on ,
s i gn i f i c a n t ly affect regi onal and gl obal bu d gets of N2O
and NO?

• Can the stu dy of s oil em i s s i ons of N2O and NO reve a l
processes of s oil microbial eco l ogy and nutri ent cycl i n g
that might improve our understanding of the nitrogen
c ycles of eco s ys tem s ?

In this article, we briefly review the disciplinary research
on soil emissions of N2O and NO. We describe a mecha-
n i s ti c a lly based con ceptual model—the “h o l e - i n - t h e -
pipe” (HIP) model (Firestone and Davidson 1989)—that
integrates the results of these disciplinary studies and that
relates emissions of both nitrogen oxides to common soil
processes. We then test the model predictions, using data
from our recent studies in Costa Rica (Veldkamp et al.
1999), Brazil (Verchot et al.1999),and Puerto Rico (Erick-
son, etal. in press) and additional data from the literature
for forest ecosystems throughout the world.

Revi ew of d i sci pl i n a ry re sea rch
Nitrous and nitric oxides are often studied separately by
atmospheric chemists because they play such different
roles in the atmosphere. N2O is a stable greenhouse gas in
the lower atmosphere (the troposphere; Ramanathan et al.
1985), but it participates in photochemical reactions in the
upper atmosphere (the stratosphere) that destroy ozone
(Crutzen 1970). In contrast, NO participates in photo-
chemical reactions in the troposphere that produce ozone.
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Tropospheric ozone, also a greenhouse gas (Lammel and
Graßl 1995), is a threat to human health and it decreases
crop yield (NAS 1991). Although they have different
atmospheric fates and consequences, NO and N2O are
produced in soils primarily by nitrifying and denitrifying
bacteria (Figure 1); the same environmental factors affect
the production of both nitrogen oxides (see Firestone and
Davidson 1989, Davidson 1991, Williams et al. 1992,
Granli and Bøckman 1994).

Agronomists studying the production of nitric oxide in
soils under laboratory conditions in the 1960s and 1970s
generally found that NO production accounted for less
than 2% of the fertilizer (nitrogen) applied to soils (Smith
and Chalk 1980). While this level of nitric oxide produc-
tion was of limited interest to agronomists concerned
about the efficiency of fertilizer use,it did interest atmos-
pheric chemists concerned about the critical role that even
low concentrations of NO can play in photochemical reac-
tions of tropospheric ozone (Thompson 1992). Atmos-
pheric chemists published the first few papers on field
measurements of nitric oxide emissions from soils in the

late 1970s and early 1980s. Microbiologists, for their part,
knew that nitric oxide was produced by nitrifying and
denitrifying soil bacteria, but the pathways and enzymatic
mechanisms of these processes were not well understood
(Firestone 1982, Hooper 1984). As the sensitive chemilu-
minescence instruments developed by the atmospheric
chemists to measure NO began to be used also by agrono-
mists, microbiologists, and ecologists in the mid-1980s
and 1990s, the number of publications on soil NO emis-
sions in journals of several disciplines grew rapidly to
about 20 in 1990 and 60 in 1996 (see Davidson and
Kingerlee 1997).

Research on nitrous oxide followed a much different
path. The seminal work of Nõmmik (1956) established the
microbiological basis of N2O and dinitrogen (N2) produc-
tion by denitrifying bacteria and identified the effects of
most of the environmental factors that are recognized
today as controllers of N2O production. Bremner and
Blackmer (1978) showed that nitrous oxide is also pro-
duced in soils by nitrifying bacteria. Interest among agron-
omists in N2O was stimulated by a report (CAST 1976)
suggesting that increased use of nitrogen fertilizers could
be one of the main causes of acccumulation of nitrous
oxide in the atmosphere, thus contributing to global
warming and the stratospheric ozone hole. However, the
causes of i n c reasing atm o s ph eric con cen tra ti ons of
nitrous oxide were unknown in the 1970s, and they
remain uncertain today (Prather et al. 1995, Kroeze et al.
1999).

As was the case for nitric oxide, the majority of studies
on nitrous oxide in temperate regions showed that, on
average, only a little more than 1% of nitrogen fertilizer
was lost as N2O, which is economically insignificant from
the perspective of farmers (Mosier et al. 1996). Recent
studies in tropical agriculture, however, have measured
emissions of NO and N2O that are large enough to matter
economically to farmers (Veldkamp and Keller 1997, Mat-
son et al. 1998, Veldkamp et al. 1998).

What is HIP? 
The conceptual model offered by Firestone and Davidson
in 1989, which has since been dubbed the “hole-in-the-
pipe” (HIP) model,synthesized the information known at
that time about the microbiological and ecological factors
influencing soil emissions of NO and N2O. Rather than
treating each gas separately, the HIP model linked the two
gases through their common processes of microbial pro-
duction and consumption (Figure 1). This linkage was
based on several observations. Numerous studies had
shown that nitrogen fertilization usually stimulates pro-
duction of one or both gases (Williams et al. 1992). In
unfertilized soils, commonly used indexes of soil-nitrogen
availability to plants and microbes, such as net nitrogen
mineralization and net nitrification, had been positively
correlated with N2O emissions (Robertson and Tiedje
1984, Matson and Vitousek 1987). Hence, the rate of
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Fi g u re 1. B i ol ogical and abi ol ogical pro ce s ses of
produ ction and co n su m ption of NO and N2O as they
rel a te to the oxi d a tion state of n i trogen (from Davi d so n
1 9 9 1 ) . Ni tri f i c a tion (dot ted line) is the ba cteri a l
oxi d a tion of ammonium to nitri te and nitra te , a n d
d en i tri f i c a tion (dashed line) is the ba cterial re du ction of
n i tra te and ot h er nitrogen oxides to more re du ce d
n i trogen oxides and even tu a lly to molecular dinitrogen .
Both nitri f ying and den i tri f ying ba cteria can re du ce
n i tri te to N2O, and den i tri f i ers can re du ce NO to N2O
u n d er low ox ygen co n d i tions (Wi lliams et al. 1 9 9 2 ,
Bollmann and Co n rad 1998). S everal abi otic rea cti o n s
( solid lines) in soils can also gen era te NO and N2O
( Smith and Chalk 1980, Davi d son 1992).



nitrogen cycling through the ecosystem is clearly impor-
tant, and the HIP model relates the sum of production of
NO and N2O as a function of availability of nitrogen in the
soil. Virtually every study had also shown a relationship
between soil water content and the emissions of either NO
or N2O, but the correlations were sometimes positive and
sometimes negative. By combining the observations of
emissions of both gases,the HIP model demonstrated that
the apparent confusing effects of soil water content could
be resolved by describing the ratios of N2O:NO emissions
as a function of soil water content.

These ideas were expressed metaphorically as a fluid
flowing through a leaky pipe (Figure 2). The rate of flow
of nitrogen through the pipes is analogous to rates of
nitrification and denitrification and, more generally, to
nitrogen cycling through the ecosystem. The NO and N2O
trace gases “leak” out of holes in the pipe,and the sizes of
the holes through which they leak is determined primari-
ly by the soil water content. Soil acidity and relative abun-
dance of electron donors (soil organic carbon) and accep-
tors (primarily oxygen,nitrate,and sulfate) may also affect
the relative proportions of N2, N2O, and NO emissions
f rom nitri f i c a ti on and den i tri f i c a ti on (Nõmmik 1956,
Firestone 1982, Firestone and Davidson 1989), but soil
water content appears to be the most common and most
robust controller of these ratios (Davidson 1993).

Soil water content is so important because it controls
the transport of oxygen into soil and the transport of NO,

N2O, and N2 out of soil. Emissions of NO, N2O, and N2
from soil depend on the balance of production, consump-
tion, and diffusive transport of these gases. In dry, well-
aerated soil, the oxidative process of nitrification domi-
nates,and the more oxidized gas, NO (see Figure 1),is the
most common nitrogen oxide emitted from the soil.
Because the diffusivity of gases is high in dry soils, much
of the NO can diffuse out of the soil before it is consumed
(Bollmann and Conrad 1998). In wet soils, where gas dif-
fusivity is lower and aeration is poorer, much of the NO is
reduced before escaping the soil, and the more reduced
oxide, N2O (Figure 1), is therefore the dominant end
product. When the soil is even more water-saturated and
mostly anaerobic, much of the N2O is further reduced to
N2 by denitrifiers before it escapes the soil.

The water holding capacity of clayey soil is far different
than that of sandy soil, which precludes using gravimetric
or volumetric water contents for comparisons across soils
of different textures. Following the model of Linn and
Doran (1984), water-filled pore space (WFPS) is the soil
water scalar that controls the ratio of N2O:NO flux in the
HIP model. The WFPS is about 60% for many soils at field
capacity, which is defined as the soil’s water content after
excess moisture has drained freely from that soil. At field
capacity, soil micropores are water-filled, which permits
microbial activity without water stress, and soil macrop-
ores are air-filled, which permits relatively good aeration
of the bulk of the soil, although anaerobic microsites may
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Fi g u re 2. Di a gram of the hol e - i n - t h e - p i pe co n ceptual mod el (revi sed from Davi d son 1991). Soil emissions of N O
and N2O are reg u l a ted at two levels: Fi rs t , the ra te of n i trogen cycling throu gh eco s ys tem s , wh i ch is sym b ol i zed by
the amount of n i trogen flowing throu gh the pipe s ,a f f e cts total emissions of NO and N2O; se co n d , soil wa ter
co n tent and perhaps ot h er facto rs affect the ra tio of N2O:NO em i s s i o n s ,s ym b ol i zed by the rel a tive sizes of the hol e s
t h rou gh wh i ch nitric oxide and nitrous oxide “l ea k .”



exist.Field capacity is the approximate transition in water
content at which both oxidative and reductive processes
are active in the soil. Based on this assumption and pub-
lished studies of field and laboratory work, Davidson
(1991, 1993) reasoned that the ratio of N2O:NO flux
should be about 1 at 60% WFPS and that the relative con-
tributions of nitrification and denitrification to NO, N2O,
and N2 emissions could be expressed as a function of
WFPS (Figure 3).

Because the atmosphere is mostly N2, direct study of N2
production requires costly isotopic approaches or highly
controlled laboratory conditions. Acetylene can be used to
inhibit N2O reduction, thereby making it possible to esti-
mate N2O:N2 ratios indirectly by comparing N2O produc-
tion rates with and without the acetylene inhibitor (Yoshi-
nari et al. 1977). However, this method suffers from
artifacts caused by the reaction of acetylene with NO
(Bollmann and Conrad 1997). Therefore, because of the
paucity of reliable data on N2 emissions,this article focus-
es primarily on N2O:NO ratios.

Considering that rates of nitrogen cycling and water
content both strongly affect emissions of NO and N2O, the
advantage of studying these two gases simultaneously
becomes apparent. High nitrogen availability, which might
be expected to promote high rates of NO production, for
example, might instead increase only N2O production if
the water content of the soil favors the production of N2O.
In this example, a researcher who studied both NO and
N2O simultaneously would see that nitrogen availability
was indeed related to the sum of NO and N2O production.
In contrast, a researcher who focused solely on NO might
m i s t a ken ly con clu de that nitrogen ava i l a bi l i ty is not
important for NO emissions. The HIP model, which con-
ceptualizes the link between NO and N2O, has proven
helpful for the interpretation of results of numerous stud-
ies (e.g., Davidson et al. 1993, Keller and Reiners 1994,
Riley and Vitousek 1995, Matson et al. 1996, Veldkamp et
al.1998),thus conferring further empirical support for the
conceptual basis and utility of the HIP model.

One drawback of the HIP model is the difficulty of
using it to make comparisons across a range of sites when
no universally acceptable and robust measure or index of
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Table 1. S u m m a ry of study regions.

Mean annual Mature forest
p r e c i p i t a t i o n D o m i n a n t Fo r e s t litterfall 

R e g i o n (mm · yr– 1) soil types v e g e t a t i o n (mg · ha– 1 · yr– 1) Land uses studied

Fazenda Vi t ó r i a , 1 8 0 0 H a p l u s t o x E v e r g r e e n 9 . 5 Mature forests, 20-year-old 
Pa r a g o m i n a s , Pa r á ,B r a z i l s e c o n d a ry forests,
2 ° 5 9′S ,4 7 ° 3 1 ’ W active pastures, degraded 

p a s t u r e s

La Selva Biological Station 4 0 0 0 Andic and Oxic E v e r g r e e n 7 . 8 Mature forest, c h r o n o -
and nearby pastures, H e r e d i a H u m i t r o p e p t s sequence of active
P r ov i n c e , Costa Rica pastures aged 3–22 years
1 0 ° 1 2′N ,8 3 ° 3 2′W

Luquillo Experimental 3 0 0 0 Tr o p o h u m u l t s E v e r g r e e n 8 . 5 > 6 0 - y e a r - o l d - f o r e s t s ,s e c o n d a ry
Fo r e s t ,P u e rto Rico forests of 25–45 years ,
1 8 ° 1 8′N ,6 5 ° 5 0′W pasture abandoned for >10 

y e a rs , active pastures

Guánica Forest Biosphere 8 6 0 C a l c i u s t o l l s D r o u g h t – d e c i d u o u s 4 . 8 S e c o n d a ry forests of 40 years
R e s e rv e ,P u e rto Rico r e c overing from pasture, a n d
1 8 ° 0 0′N ,6 6 ° 5 5′W disturbed forests that were 

“patch-cut” for charcoal about 
60 years ago

Fi g u re 3. Propo sed rel a tive co n tri bu tions of n i tri f i c a ti o n
(shaded) and den i tri f i c a tion (cross hatched) to em i s s i o n s
of NO and N2O as a fu n ction of soil wa ter- f i lled po re
s pa ce (WFPS; from Davi d son 1991). The shapes of t h e
c u rve s , the curve hei gh t s , WFPS opti m a , and the
i n f l e ction points were largely edu c a ted guesses ba sed on
the limited field and labora to ry data ava i l a bl e .



nitrogen availability exists. Within a single study, one of
the several commonly used indexes of nitrogen availabili-
ty, such as assays for net nitrogen mineralization,net nitri-
fication, nitrification potential, or extractable ammonium
(NH4

+) and nitrate (NO3), has usually been found to cor-
relate with emissions of NO or N2O, or both (Williams et
al.1992). Unfortunately, none of these indexes of nitrogen
availability has emerged as the best index of “nitrogen
flowing through the pipe” for the majority of studies.
Some of this inconsistency arises from differences in the
way investigators measure nitrogen cycling processes such
as net nitrogen mineralization and net nitrification (Hart
et al. 1994). Even inorganic nitrogen pools are often mea-
sured with different extraction times and ionic strengths
of salt solutions. In many studies, only some of the nitro-
gen-availability indexes or only one of the two nitrogen
oxide gases are measured, which further limits compara-
bility across studies.

A field test of the HIP mod el
We sought to test the HIP model across sites,using consis-
tent methodologies, with two objectives: to demonstrate
the usefulness of the HIP model for interpreting measured
variation in NO and N2O emissions under a wide range of
climatic conditions and land-use types, and to identify the
best measure of nitrogen availability for indicating nitro-
gen flowing through the pipe.

We chose to conduct this demonstration in tropical
forests for several reasons. First, tropical forest soils often
emit large amounts of both N2O (Matson and Vitousek
1990) and NO (Davidson and Kingerlee 1997), because
nitrogen is often a relatively abundant nutrient in such
eco s ys tems (wh ere ph o s ph a te ad s orpti on on to high ly
weathered minerals of Oxisols and Ultisols often makes
ph o s ph orus more stron gly limiting to plant growt h
[Vitousek and Sanford 1986]). Hence, nitrogen cycling
rates (the flows of nitrogen through the pipes) are natu-
rally high in many tropical forests. The N2O emitted at the
s oil su rf ace leaves the tropical forest eco s ys tem and
becomes an important source of atmospheric N2O. In
con tra s t , NO em i t ted from the soil may be rec ycl ed
through reactions within the forest canopy (Jacob and
Bakwin 1991); its importance to regional and global tro-
pospheric chemistry is therefore less certain, but NO emis-
sions are clearly worthy of study.

A second reason for doing this research in tropical
forests is that deforestation is occurring rapidly in tropical
regions (Houghton 1993), resulting in land uses, such as
active and abandoned cattle pastures, where nitrogen
availability and nitrogen oxide emissions may be altered
relative to those of the primary forests that were replaced
(Matson and Vitousek 1990, Keller and Reiners 1994, Neill
et al. 1995). These land use changes may be affecting the
global and regional budgets of NO and N2O, and they also
provi de wi de ra n ges of n i trogen ava i l a bi l i ty and ex pected
n i trogen ox i de em i s s i ons for te s ting the HIP model . Si m i l a rly,

the wide range of climatic regimes within forested areas of
the trop i c s , i n cluding mean annual prec i p i t a ti on and
length and severity of dry seasons, provides large variation
in soil water content for testing the HIP model.
Stu dy design . Four areas spanning a broad range of
annual precipitation totals and seasonality were selected
(Table 1): the Guánica dry forest in southern Puerto Rico
(PR), which has low rainfall and long, severe droughts;the
Luquillo evergreen forest in northeastern PR, which has

i n term ed i a te ra i n f a ll with on ly slight season a l i ty; t h e
Fazenda Vitória evergreen forest in the eastern Brazilian
Amazon region, which has intermediate rainfall and a
long, severe dry season; and the La Selva evergreen forest
of eastern Costa Rica, which has high rainfall and a brief,
mild dry season.
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Sampling flux chamber headspace gas with a syringe in the
drought deciduous forest of Guánica, Puerto Rico. The

syringe samples are analyzed in the laboratory for N 2O
and CH4 concentrations by gas chromatography. Photo by

H. Erickson

Making measurements of NO and CO2 fluxes using a
dynamic chamber method in a recently created (less than
1-year-old) cattle pasture near Paragominas, Brazil. The

chamber top is held in the air between flux measurements
to obtain background atmospheric gas concentration

measurements. Photo: E. Davidson.



At each of these locations, we identified several land use
and land cover types common in those regions. In Costa
Rica (seven sites), active cattle pastures of different ages (a
chronosequence) and an old forest were studied. In both
Luquillo (eight sites) and Brazil (eight sites), we studied
active and abandoned cattle pastures, young secondary
forests that previously had been pastures, and old forests.

Within the Luquillo forest, we also studied fertilized (300
kg · ha-1 · yr-1 of nitrogen) and unfertilized old forest
stands at a site called El Verde. The old forests at Luquillo
were determined to be at least 60 years old,based on aeri-
al photography dating back to the 1930s. The Lu qu i ll o
forests may have ex peri en ced va rying degrees of human dis-
tu rb a n ce before 1930, and they also ex peri en ced ex ten s ive
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Fi g u re 4. The sum of m ea su red emissions of NO and N2O as a fu n ction of i n d exes of n i trogen ava i l a bi l i ty (see Ha rt et al.
1994 for met h od ol ogical details): (a) Ammonium extra cted in 2 M potassium ch l o ride (KCl) (LogY = –1.165LogX + 1.459; R2

= 0.30; N = 80). (b) Ni tra te extra cted in 2 M KCl (LogY = 0.504LogX – 0.072; R2 = 0.12; N = 80). (c) The ra tio of extra ct a bl e
n i tra te to the sum of extra ct a ble nitra te + ammonium (LogY = 2.054X – 0.538; R2 = 0.34; N = 80). (d) Net nitrogen
m i n era l i z a tion determined by the ch a n ge in extra ct a ble inorganic nitrogen du ring 7-day aerobic labora to ry incuba tions (25
is added to ea ch value in ord er to ren d er all values po s i tive befo re loga rithmic tra n sfo rm a tion; nega tive values had occ u rre d
wh ere there was net nitrogen immobi l i z a tion; LogY = 3.521LogX – 4.952; R2 = 0.33; N = 78). (e) Net nitri f i c a tion determ i n e d
by ch a n ge in extra ct a ble nitra te du ring the net nitrogen minera l i z a tion assays (LogY = 1.326LogX – 1.006; R2 = 0.26; N =
7 8 ) .( f) Ni tri f i c a tion poten tial in a 24-hour labora to ry soil slurry assay with excess ammonium (LogY = 0.943LogX + 0.686;
R2 = 0.47; N = 72). All regressions are significant at  α = 0.05. The pl ot ting sym b ols indicate stu dy areas: B = Bra z i l , C =
Costa Ri c a , G = Gu á n i c a , L = Lu q u i ll o. Ea ch flux esti m a te is a mean of 4–8 ch a m ber mea su rem ents at a stu dy site (a land
u se su ch as a fo rest or pa s tu re of s pe cific age) on a sampling date . St a tic ch a m bers were used for N2O fluxes and dyn a m i c
ch a m bers for NO fluxes (Davi d son et al. 1 9 9 1 , Kell er and Rei n ers 1994). All nitrogen ava i l a bi l i ty indexes are means of 4 – 3 2
a s s ays of the top 10 cm of m i n eral soil for a site and date (the nu m ber of repl i c a tes va ried among regional stu d i e s ) . The data
u sed in this analysis include only those dates wh ere fluxes and nitrogen ava i l a bi l i ty indexes were mea su red at approxi m a tely
the same ti m e .



d a m a ge from Hu rricane Hu go in 1989 (Scatena and
Larsen 1991). The old-growth forests of Costa Rica and
Brazil have experienced some human influence, but have
probably not been cleared during the last few hundred
years. In Guánica (4 sites), the study sites were either se c-
ondary forests derived from pasture lands or disturbed
forests from which trees had been cut in patches for char-
coal production about 60 years ago.

The study sites within these four regions provided con-
siderable variation in the two factors most important for
the HIP model.First,differences in land use provided vari-
ation in nitrogen cycling among forests and pastures,thus
providing different flows of nitrogen through the pipe.
Second,differences among regions in total annual rainfall
and seasonality created variation in soil water content,
which regulates the relative sizes of the holes in the pipe
and the ratios of N2O:NO emitted from the soil.

Similar measurement techniques were used for all sites.
More information about these sites and details about the
methodologies and frequency of measurements are in a
series of papers that summarize the results for Puerto Rico
(Heather Erickson, et al. in press), Costa Rica (Veldkamp
et al. 1999), and Brazil (Verchot et al.1999).
Di f f eren ces among land use s . The effects of land use
change on emissions of N2O and NO is a timely topic

because of concerns about sources of greenhouse gases
(Prather et al. 1995). We first offer a few generalizations
from our studies:

Ol d - growth tropical forests have big flu xe s . We can
recon f i rm that lowland old-growth ever green trop i c a l
forests are significant sources of N2O and NO. In Brazil,
the old-growth forest soils emitted 1.5 kg · N ha–1 · yr–1 of
NO and 2.4 kg · N ha–1 · yr–1 of N2O. The Costa Rican old-
growth forest soils emitted 0.9 kg · N ha–1 · yr–1 of NO and
5.9 kg · N ha–1 · yr–1 of N2O (Table 2). These emissions are
higher than for most temperate forests (except for those
with high rates of atmospheric nitrogen deposition and
high nitrogen oxide emissions; Gasche and Papen 1999,
Papen and Butterbach-Bahl 1999). The soils of the Costa
Rican site are younger and more fertile than those of
Brazil, which may explain the very high NO and N2O
emissions there.

Old pastures have little flu xe s . Replacement of old-
growth lowland tropical forests with cattle pastu re s
changes N2O and NO emissions (Table 2). In Costa Rica,
emissions of NO and N2O increased in young pastures,
but in the 22 year-old pasture emissions of N2O were low-
er than in the old forest. In Brazil, both pastures studied
were about 20 years old,and the pasture emissions of N2O
and NO were lower than those in the adjacent old-growth
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Table 2. S u m m a ry of annual estimates of nitrous oxide and nitric oxide emissons.

Nitrous oxide Nitric oxide 
R e g i o n Land use study site ( k g · h a– 1 · y r– 1 of n i t r o g e n )

Costa Rica Old-growth forest
a

5 . 9 0 . 9
3-year-old pasture

b
6 . 9 4 . 4

6-year-old pasture
b

1 1 . 0 5 . 4
7-year-old pasture

b
1 0 . 4 9 . 2

9-year-old pasture
b

3 2 . 0 2 3 . 0
14-year-old pasture

b
1 3 . 2 5 . 5

22-year-old pasture
b

3 . 8 3 . 7
P u e rto Rico–Luquillo

c
Sabana active pasture 0 . 7 0 . 1
Sabana abandoned pasture 0 . 2 0 . 1
Sabana midsuccessional forest (approximately 25 years ) 0 . 1 0 . 0
Sabana old forest (>60 years ) 1 . 7 0 . 4
M a m eyes active pasture 0 . 5 0 . 2
M a m eyes abandoned pasture 0 . 5 0 . 1
M a m eyes midsuccessional forest (approximately 45 years ) 8 . 3 0 . 6
M a m eyes old forest (>60 years ) 0 . 6 0 . 1
El Verde control old-growth forest (>60 years ) 0 . 7 0 . 1
El Verde N-fertilized old-growth forest (>60 years ) 1 9 . 2 2 . 5

P u e rto Rico–Guanica
d

S e c o n d a ry forest after charcoal production 0 . 0 0 . 8
S e c o n d a ry forest after charcoal production 0 . 0 0 . 5
S e c o n d a ry forest after pasturing 0 . 8 1 2 . 0
S e c o n d a ry forest after pasturing 0 . 0 2 . 5

B r a z i l – Pa r a g o m i n a s
e

Old-growth forest 2 . 4 1 . 5
S e c o n d a ry forest (20 years ) 0 . 9 0 . 3
Active pasture 0 . 3 0 . 5
D e g r a d e d , abandoned pasture 0 . 1 0 . 7

aKeller and Reiners (1994).
bVeldkamp et al. (1999). Fluxes for the same sites three years earlier were reported by Keller et al. (1993).
cE r i c k s o n , et al. in press.
dHeather Erickson, U n i v e rsidad Metropolitana, unpublished data.
eVerchot et al. (1999).



forest. The pastures in Luquillo were more than 60 years
old and also had low emissions.

F lu xes from young su cce s s i onal forests are highly va ri-
a bl e . In both Brazil and Puerto Rico, abandoned pastures
and most of the ear ly to midsuccessional forests had low
emissions (Table 2). However, two important exceptions
to this generalization were found in Puerto Rico. At
Luquillo and Guánica we found one secondary forest in

each area that was relatively rich in legume species and
that had emissions exceeding those of all other study sites
in each respective region (Table 2). We infer from the
nitrogen availability data presented below that the pres-
ence of nitrogen-fixing leguminous trees, which is linked
to land use histories and the resulting successional trajec-
tory of species composition, increased nitrogen availabili-
ty, thereby also increasing emissions of NO and N2O
(Erickson, et al.in press).
The first HIP met a p h o r: Ni trogen flowi n g
t h rou gh the pipe . For the analysis in this article, the
most important question is whether these variations in
N2O and NO emissions among regions and among land
uses within regions covary with any or all the indexes of
nitrogen availability that can be used as proxies for nitro-
gen flowing through the pipe in the HIP model. For each
of the six indexes of nitrogen availability shown in Figure
4, a significant correlation (α = 0.05) was found between
the sum of NO and N2O emissions and the nitrogen-avail-
ability index.

Extractable NH4
+ was negatively correlated with nitro-

gen oxide emissions, whereas extractable NO3
– and the

ratio of NO3
–:NO3

– + NH4
+ were positively correlated with

nitrogen oxide emissions (Figures 4a,4b, and 4c). In other
words, the sites that had low emissions of NO and N2O
generally also had NH4

+ as the dominant form of inor-
ganic nitrogen. These low-flux, NH4

+-dominated sites
were mostly the active and abandoned cattle pastures of
Puerto Rico and Brazil and the old active cattle pasture of
Costa Rica. Where nitrate was the dominant form of soil
inorganic nitrogen—such as the primary forests of Costa
Rica and Brazil, the young pastures of Costa Rica, and the
two legume-rich secondary forests of Puerto Rico—the
emissions of NO and N2O were generally high. A similar
distinction between predominance of NH4

+ in old pas-
tures and NO3

– in forests and young pastures was found in
Rondônia, Brazil (Neill et al. 1995).

Although we recognize that inorganic nitrogen pool
sizes are not measures of flow of nitrogen through those
pools (Davidson et al. 1990), the pool sizes may be good
indicators of whether the nitrogen cycle is conservative
(closed) or leaky (open). When NO3

– accumulates and
dominates the inorganic nitrogen pool, then gross rates of
nitrification must exceed rates of nitrate uptake by plants
and microorganisms. Nitrate accumulation and predomi-
nance over NH4

+ is,therefore, indicative of an open, leaky
nitrogen cycle that leaches NO3

– (Vitousek et al. 1982),
and it also appears to be indicative of nitrogen losses as
NO and N2O. In other words, although the NO3

– pool
does not provide a direct measure of nitrogen flux in the
soil,it indicates that excess nitrogen is flowing through the
pipe relative to the ability of plants and soil microorgan-
isms to assimilate NO3

–.
The net nitrogen minera l i z a ti on and net nitri f i c a ti on assays

a re direct measu res of n i trogen flowing thro u gh the pipe
u n der labora tory con d i ti ons def i n ed by the incubati on
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Fi g u re 5. The sum of a n nual esti m a tes of emissions of NO and
N2O as a fu n ction of l i t terf a ll ch a ra cteri s ti cs . (a) An nual tot a l
fine litterf a ll nitrogen (Y = 0.038X – 1.81; R2 = 0.57; N = 13).
(b) Li t terf a ll C:N ra tios (LogY = –0.0563X + 2.331; R2 = 0.70;
N = 15). Both regressions (solid lines) are significant at α =
0 . 0 5 . The pl ot ting sym b ols indicate stu dy areas: B = Bra z i l , C
= Costa Ri c a , G = Gu á n i c a , L = Lu q u i ll o, E = El Verd e . Lea f
l i t terf a ll nitrogen was esti m a ted by Eri ck son (in press) for the
Gu á n i c a , Lu q u i ll o, and El Verde sites and adjusted here fo r
total fine litter produ ction (lea f l i t terf a ll = 80% of tot a l ) .
Total fine litterf a ll nitrogen in the same Brazilian fo rests wa s
e s ti m a ted by Da n i el Ma rkewitz and Eric Davi d so n
( u n pu blished data). The total fine litterf a ll nitrogen esti m a te
of Vi tou sek (1984) was used for La Selva , Costa Ri c a . An nu a l
e s ti m a tes of NO and N2O fluxes were determined from 12 or
m o re monthly mea su rem ents at Lu q u i llo and in Bra z i l ,a n d
from 4 sea sonal mea su rem ents at Guánica and at the Co s t a
Rican pa s tu re s . For Costa Rican fo re s t s , the annual esti m a te s
of Kell er and Rei n ers (1994) were use d . The leg u m e - ri ch
Guánica site with high emissions and the ferti l i zed El Verd e
s i te with very high emissions were omitted from the regre s s i o n
a n a lysis shown in (a). The dashed line in (a) indicates the
pre d i cted emissions ba sed on the assu m ptions of the CASA
m od el by Pot ter et al. ( 1 9 9 6 ) .



methodology (Hart et al.1994). These assays are also good
indicators of when nitrogen availability exceeds microbial
assimilative demand. The same pasture sites that were
dominated by NH4

+ and had low emissions of NO and
N2O also had net nitrogen immobilization (negative val-
ues for net mineralization), low rates of net nitrification,
and low nitrification potentials (Figures 4a,4c, 4d,4e,and
4f). Similarly, net nitrogen mineralization, net nitrifica-
tion, and nitrification potentials were high in the old
forests of Costa Rica and Brazil, the young pastures of
Costa Rica,and the legume-rich secondary forests of Puer-
to Rico, where NO3

– dominated and where the emissions
of NO and N2O were also high.

The nitrification potential assay measures the capacity
of the population of nitrifying bacteria in a soil sample to
convert added NH4

+ to NO3
– under laboratory conditions

(Hart et al.1994). Nitrifying bacteria starve and their pop-
ulations decline when nitrogen availability is low (David-
son et al. 1990). Therefore, low nitrification potentials
indicate low population capacities, which result from low
nitrogen availability. A high nitrification potential exists
only when nitrogen availability remains high enough to
support a viable population of nitrifying bacteria, which
presumably also means that high rates of nitrification and
flow of nitrogen through the nitrification pipe occur fre-
quently enough to sustain a relatively large nitrifier popu-
lation. Accordingly, this index of nitrogen flowing through
the pipe produced the strongest correlation with NO and
N2O emissions (Figure 4f).

To use litterfall nitrogen as an indicator of flow of nitro-
gen through the pipe, the data were aggregated to annual
estimates. Annual total fine litterfall nitrogen is positively
correlated with annual NO and N2O emissions (Figure
5a). The El Verde fertilized site is clearly an outlier and was
excluded from the regression analyses. Apparently, this site
has become nitrogen saturated (sensu Aber et al. 1998),
and litterfall nitrogen does not reveal the excess nitrogen
availability that remains in the soil (Erickson et al. in
press). A legume-rich, secondary dry forest at Guánica is
another outlier excluded from regression analyses. Water
limits primary productivity in dry forests and litterfall
rates are much lower than for evergreen forests (Table 1;
Lugo and Murphy 1986), thus making litterfall nitrogen
flux an inadequate indicator of excess available nitrogen in
the soil of the legume-rich site at Guánica. The old-growth
forests of Brazil and Costa Rica and the legume-rich sec-
ondary forest of Luquillo registered high rates of litterfall
nitrogen and of NO and N2O emissions .

In addition to the flux of litterfall nitrogen, the carbon
(C)-to-nitrogen ratio of litterfall has been used as an indi-
cator of nitrogen availability in ecosystems. This ratio is
not a flux that is directly analogous to flow of nitrogen
through the pipe, but it may be a reasonable proxy for
nitrogen availability in the ecosystem. Litter with a low
C:N ratio often produces high rates of net nitrogen min-
eralization during decomposition. In the Luquillo study, a

negative correlation was found between litter C:N ratios
and net nitrogen mineralization,and a positive correlation
was found between the litter C:N ratio and emissions of
carbon dioxide during the nitrogen mineralization assay
(Erickson et al. in press). Combining the Luquillo and
Guánica data, a negative correlation was found between
the litterfall C:N ratio and the logarithm of annual NO
and N2O emissions (Figure 5b; Erickson et al. in press).
The fertilized El Verde forest remains an outlier, as it was
for the litterfall nitrogen function. Results from the Costa
Rican and Brazilian sites are in reasonably good agreement
with the Puerto Rico data.

In summary, variation in nitrogen availability among
these diverse land uses, as indicated by all the nitrogen
availability indexes, corresponded to variation in NO and
N2O emissions. Hence the HIP model’s metaphor of
nitrogen flowing through a pipe is a useful and mechanis-
tically accurate way of expressing how rates of nitrogen
cycling within soils and within ecosystems affect emissions
of these two gases.
The se cond HIP met a p h o r: The holes in the pipe .
Differences among study regions in amount of precipita-
tion and seasonal patterns (Table 1) provided a large range
of soil water contents that could be used to test predictions
of the HIP model regarding ratios of N2O:NO. As expect-
ed, we observed a posit ive correlation between WFPS and
the logarithm of the ratio of N2O:NO (Figure 6). In accor-
dance with the hypothesized transition point at field
capacity, which is often about 60% WFPS, the regression
line predicts that the ratio of N2O:NO is 1 when WFPS
equals 63%.

The N2O:NO ratio was usually greater than 1 and the
WFPS was usually more than 60% for most of the sites
and seasons at Luquillo and Costa Rica, which are at the
wet end of the climatic gradient of this study. At Fazenda
Vitória, Brazil,the ratio was less than 1 during the dry sea-
son and more than 1 during the wet season (Verchot et al.
1999). The Guánica sites always had WFPS under 60%,
and NO emissions always exceeded N2O emissions (ratio
less than 1). In order to extend the range as low as 12%
WFPS, we also included data from two other Brazilian
sites studied by Verchot et al.(1999):a forest at Santana do
Araguaia near the transition between Amazonian forest
and savanna, and a savanna at the Instituto Brasileiro de
Geografia e Estastística (IGBE) Reserve near Brasilia. As
expected, the N 2O:NO ratio was also less than 1 at these
dry sites.

Ca uti on must be em p l oyed wh en analyzing ra ti o s ,
because ra tios are sen s i tive to small nu m bers in the
denominator. As the denominator approaches zero, the
ratio approaches infinit y. For example, if the N2O flux is
consistently 0.50 ng · cm–2 · hr–1 of nitrogen, and in one
case the NO flux is 0.05 ng · cm –2 · hr–1 of nitrogen and in
another case it is 0.01 ng · cm–2 · hr–1 of nitrogen, then the
N2O:NO ratios will be 10 and 50, respectively. However,
both of these NO fluxes are below detection limits,and the
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seemingly large difference between the two N2O:NO ratios
is actually not meaningful. Consequently, we found it nec-
essary to exclude all NO fluxes less than 0.1 ng ·  cm–2 · hr–1

of nitrogen.

Li m i t a tions of the mod el
The HIP model is a simplification of complex soil biogeo-
chemical processes,including nitrification, denitrification,
nitrogen mineralization, competition for inorganic nit ro-
gen, carbon supply, solubility and diffusion of gases, and
growth of microbial populations. Like many simplifica-
tions,the HIP model can be helpful, but it does have lim-
itations. For example, model predictions will have only
broadbrush accuracy; some applications may suffer from
signal-to-noise considerations; and some physical, chemi-
c a l , and bi o l ogical soil processes that are som eti m e s
important are not included in the HIP model .
B roa d brush acc u ra c y. Although the significant corre-
lations between nitrogen availability indexes and NO and
N2O emissions shown in Figures 4 and 5 clearly sup port
the assertion that nitrogen oxide emissions are related to
rates of nitrogen cycling in ecosystems, a model based on
these regression parameters will have only order-of-mag-
nitude prediction accuracy.

Big re s i du a l s . Residuals of the best-fit lines in Figure 4
show that the measured emissions are frequently more
than a factor of 10 different from predicted values. More-
over, there are clear biases among the residuals, such as
consistent underestimation of emissions for the Costa
Rican sites by nearly all of the indexes. For a given level of
net nitrogen mineralization or any of the other indexes of
nitrogen availability in Figure 4, more NO and N2O was
produced in the Andic Inceptisols of Costa Rica than in
the Oxisols and Ultisols at the other sites. Perhaps carbon
ava i l a bi l i ty to den i tri f i ers , f requ en t ly high soil water con ten t ,

or some other factor causes gre a ter nitrogen ox i de ga s
produ cti on per unit of n i trogen cycl ed in the Co s t a
Rican fore s t .

A similar conclusion was reached by Reich et al. (1997)
with respect to correlations of litterfall nit rogen and net
nitrogen mineralization with aboveground net primary
productivity (ANPP) across a range of temperate forests:
All of the sites Reich and colleagues studied showed strong
correlations, indicating the importance of nitrogen avail-
ability for ANPP, but other differences among soil types
appeared to affect the amount of ANPP per unit of avail-
able nitrogen. Future refinements of HIP-style models
may include more complex parameterizations involving
soil types, total precipitation, or other factors that influ-
ence the relationship between nitrogen availability and
NO and N2O emissions. At this point, we can say only that
the underlying principle of l i n k a ge bet ween nitrogen
cycling rates and nitrogen oxide emissions is generally
consistent and widely applicable. Water-filled pore space
has also been reconfirmed as an effective predictor of the
ratio of N2O:NO emissions, although the large residuals
reveal that the measured ratios are also often a factor of 10
different from predicted values (Figure 6).

App l i c a ti on to gl obal models and dataset s . Global mod-
els that use 1 degree pixels,and even those that can achieve
1 km2 resolution, must use simplifications to model bio-
geochemical processes. The broadbrush accuracy demon-
strated in this article by the HIP model is appropriate for
that use. Annual rates of litterfall nitrogen and litterfall
C:N ratios have the greatest promise as drivers of regional
and global biogeochemical models that predict NO and
N2O emissions from soils. Litterfall data are more widely
available and are less dynamic than are soil assays of inor-
ganic nitrogen pools, nitrogen mineralization, and nitrifi-
cation. Annual litterfall also integrates over much of the
temporal and spatial variation of nitrogen availability in
forest stands.

For an additional, independent test of the applicability
of litterfall nitrogen as a predictor of NO and N2O emis-
sions, we identified eight sites for which estimates of NO
and N2O emissions and litterfall nitrogen are available in
the literature. These included tropical lowland and mon-
tane evergreen forests, a drought–deciduous tropical for-
est, and temperate forests with modest and high nitrogen
deposition rates (Figure 7). We used the regression shown
in Figure 5a to predict NO and N2O emissions from annu-
al litterfall nitrogen. Most of the sites fall near the 1:1 line
in Figure 7. The main outliers to this regression are two
temperate forests in Germany that receive 20–30 kg · ha–1

· yr–1 of nitrogen from atmospheric deposition. About
15–16% of that nitrogen was emitted as NO and N2O
from the soil, which is about five times the fraction of
nitrogen in litterfall assumed to be lost as nitrogen oxides
in our regression model.

Si m i l a rly, the El Verde ferti l i zed forest of Pu erto Ri co lost
a bo ut 7% of the 300 kg · ha– 1 · yr– 1 of ferti l i zer nitrogen as
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Fi g u re 6. The ra tio of N2O:NO emissions as a fu n ction of t h e
percen t a ge of wa ter- f i lled po re spa ce (WFPS) of the su rf a ce
m i n eral soil (LogY = 0.026X – 1.660; R2 = 0.50; N = 58). Th e
regression is significant at  α = 0.05. Pl ot ting sym b ols and
s a m ple sizes are the same as in Fi g u res 4 and 5, except that
two additional Brazilian site s , a fo rest at Santana do
Araguaia (S) and a savanna site at the ecol ogical re serve of
the In s i tu to Bra s i l ei ro de Geographia e Estatística (I) nea r
B rasilia (Verch ot et al. 1 9 9 9 ) , a re also incl u d e d .



NO and N2O. Hence, in some special situations—when
sites are rich in nitrogen—this litterfall nitrogen regres-
sion does not work well; this is true for the legume-rich
secondary forest of the dry Guánica site, the nitrogen-fer-
tilized El Verde forest, and the nitrogen-deposition-affect-
ed temperate forests of Germany. Apparently, for all of
these sites, high inputs o f nitrogen could not be fully uti-
lized by the trees. We expect that other such exceptions
exist but that the majority of the world’s forests will con-
form, within a “broadbrush factor” of about 2, to the emis-
sions predicted by the regression equation in Figure 5a.

Si gn a l - to - n o i se . Regression analyses are often more
successful when the values of the variables span large
ranges. This was certainly the case for the analyses of
nitrogen-availability indexes in Figure 4. All o f the Costa
Rica sites, however, had relatively high values of nitrogen
availability and nitrogen oxide emissions, and the natural
“noise” within this relatively narrow range of values pre-
cluded Veldkamp et al. (1999) from finding statistically
significant regressions, although they detected the same
trends as reported here. When these same data from Cos-
ta Rica are added to the very low values from cattle pas-
tures of Luquillo, however, statistically significant regres-
sions are obtained. The pastures and forests of the study
site in Brazil had sufficient variability in nitrogen avail-
ability and seasonal fluctuation in soil water content that
Verchot et al. (1999) found significant correlations for
both the nitrogen availability indexes and WFPS.

Why do some availability indexes give good correlations
with nitrogen oxide emissions in some studies while oth-
ers do not? The answer is probably that the range of values
being regressed is too narrow for some of the correlations
to be statistically significant (i.e.,a type II statistical error).
Because of the high spatial and temporal variability in NO
and N2O emissions, each mean flux has a large uncertain-
ty, and large differences among means are often needed to
differentiate the regression “signal”from the measurement
“noise.” Taking advantage of the large range of variability
in this analysis allows us to conclude that nitrogen oxide
emissions are correlated with all of the indexes of nitrogen
availability.
Holes to be fill e d . Although the simplicity of the HIP
model is appealing, further improvements will probably
require that physical, chemical,and biological processes be
added to the model and that more detailed consideration
be given to spatial and temporal variation.

Time scales and wet-up even t s . Our monthly sampling
scheme did not consider the short-term effects of rainfall
events, and the HIP model does not explicitly address this
type of fine-scale temporal variation. Nevertheless, wet-up
events have been con s i dered short - term pulses of
increased nitrogen flowing through the pipe (Davidson et
al. 1993), and a numerical version of the HIP model was
developed with hourly time steps (Potter et al. 1997). The
DNDC (DeNitrification DeComposition) model (Li et al.
1992) also uses hourly time steps when the soil is wet

enough to promote denitrification, and it models rapid
changes in soil inorganic nitrogen and readily d ecompos-
able organic carbon. Where modeling this type of short-
term variation is important, a blend of these approaches
might be advantageous.

D epth of m i c robial activi ty. An important limitation of
using nitrogen availability indexes based on soil assays is
that they assume that the important microbial activity
occurs in the top 10 cm of mineral soil, or wherever the
soil has been sampled for the assay. Verchot et al. (1999)
found that concentrations of N2O within the soil atmos-
phere increased to 8 uL · L–1 air at 1 m depth in the Brazil-
ian old-growth forest soil during the rainy season,indicat-
ing that significant N2O production had occurred well
below the depth of 10 cm. When production occurs deep
within the soil, then microbial consumption and gas
transport along the long diffusive path to the surface also
become import a n t . Perhaps some of the differen ce s
among the Costa Rican, Puerto Rican, and Brazilian sites
could be explained by the relative importance of microbial
activity in the litter layers and in the mineral soils from the
surface to variable depths. Indexes of nitrogen availability
might be further improved if assays were made at several
s oi l - depth increm ents and the re sults ex pre s s ed as a
weighted sum for the entire soil profile on a mass-per-
unit-area basis (by multiplying available nitrogen concen-
trations by the bulk density of each soil-depth increment).

The best index of n i trogen ava i l a b i l i ty. Although we
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Fi g u re 7. Co m pa ri son of pre d i cted and ob served annu a l
emissions of NO and N2O emissions for ot h er fo rests of t h e
wo rld wh ere data are ava i l a ble in the litera tu re: Co = Co n go
( S erça et al. 1994); Ch = Chamel a , Mexi co (Davi d son et al.
1 9 9 1 , Ga rci a - Men d ez et al. 1 9 9 1 , Ja m a ri llo and Sanfo rd
1995); Hv = Ha rva rd Fo re s t , Ma s s a ch u set t s , USA (Bowd en et
a l .1 9 9 0 , Mu n ger et al. 1 9 9 6 , Ma gi ll et al. 1997); Hb =
H ö glwald be e ch and Hs = Höglwald spru ce , Bava ri a ,
Germ a ny (Ga sche and Pa pen 1999, Pa pen and Butterba ch -
Bahl 1999); Ka = Ka u a i , Hawa i i , USA (Ri l ey and Vi tou se k
1995); Ms = Manaus sandy soil and Mc = Manaus cl ayey
so i l ,B razil (emissions from several ref eren ces su m m a ri zed by
Davi d son 1991, and litterf a ll from Luizão 1989). Pre d i cti o n s
were ba sed on annual litterf a ll nitrogen , using the regre s s i o n
s h own in Fi g u re 5a. The 1:1 line is shown .



have demonstrated the importance of nitrogen availabili-
ty and the effectiveness of using the concept of nitrogen
flowing through the pipe for studying soil emissions of
NO and N2O, we have not been completely successful in
finding the best parameterization of any of the nitrogen
availability indexes. They all seem to work to some extent,
but none of the parameterizations of nitrogen availability
indexes emerges as the Holy Grail of nitrogen oxide emis-
sions. Nevertheless,some suggestions arise from the analy-
sis of this ar ticle. First, the distinction between ammoni-
um-dominated and nitrate-dominated systems should be
very useful as a broadbrush approximation of low and
high emitting soils. Second, for the design of short-dura-
tion plot-scale studies, we recommend that a suite of
nitrogen availability measures be used, with due consider-
ation for the range of variability to be expected. Third, for
studies lasting a year or longer, we recommend the collec-
tion of litterfall data.

How to use litterf a ll nitrogen . The regression based on
aboveground litterfall nitrogen (Figure 5a) ignores root
turnover, which contributes to soil nitrogen cycling but is
very difficult to measure. Potter et al. (1996) attempted to
include root inputs of nitrogen in their implementation of
a HIP approach to modeling NO, N2O, and N2 in their
CASA (Carnegie Ames Stanford Approach) global biogeo-
chemical model. They assumed that root litter nitrogen
was equal to aboveground litterfall nitrogen, and that 2%
of above- and belowground litter nitrogen (i.e., 4% of
aboveground litterfall nitrogen) was used as an initial best
guess of the fraction of total litterfall nitrogen lost as NO,
N2O, and N2 during decomposition and gross nitrogen
mineralization. The slope of 0.038 in Figure 5a supports
Potter et al.’s (1996) assumption that about 4% of the
aboveground litterfall nitrogen would be lost as NO and
N2O. However, a statistically significant nonzero Y inter-
cept (–1.81 in Figure 5a) indicates that this 4% incremen-
tal loss applies only when litterfall nitrogen is in excess of
about 50 kg · ha–1 · yr–1 of nitrogen. Therefore, the best
guess of Potter et al. (1996)—4%—was reasonably good,
although the nonzero Y intercept indicates a threshold
effect that they did not consider.

An ex pon en tial model has been propo s ed for the
Luquillo forest data, in which the fraction of nitrogen lost
as NO and N2O increases with increasing litterfall nitro-
gen (Erickson et al. in press). As nitrogen availability and
rates of nitrogen cycling increase, plant and microbial
sinks for NH4

+ become nearly satisfied,and the fraction of
mineralized nitrogen available to nitrifiers increases. Sim-
ilarly, as nitrification rates increase, plant and microbial
demand for NO3

– is eventually saturated and the fraction
of NO3

– available for denitrification increases. Hence, a
mechanistic basis exists for an exponential relationship
between indexes of nitrogen availability and the sum of
NO and N2O production.

If the exponential model is correct, then the CASA
model of Potter et al. (1996) and the linear regression

shown in Figure 5a may underestimate fluxes at nitrogen-
rich sites and overestimate fluxes at nitrogen-poor sites.
An exponential model through the origin would also
avoid the erroneous prediction of negative fluxes for sites
with very low litterfall nitrogen (Figure 7). Although lit-
terfall nitrogen shows promise as a broadbrush predictor
of nitrogen oxide emissions, the shape and optimal para-
meterization of this relationship await further research.

D i f f u s ivi ty. The WFPS function to predict the ratio of
N2O:NO emissions is robust. The N2O:NO ratio is com-
monly equal to 1 at field capacity, which is often about
60% WFPS in many soils. There are exceptions, however,
to this generalization. Compacted soils and volcanic soils
often have a larger fraction of microporosity than most
other soils, resulting in a higher water content at field
c a p ac i ty. Aggrega ti on va ries among soi l s , wh i ch also
affects the distribution of pore sizes and the water content
at field capacity. Although WFPS works reasonably well
for predicting ratios of N2O:NO emissions for most soils,
the parameterization shown in Figure 6 will not be uni-
versally applicable.

The next advance may be to refine and apply models of
diffusivity within soils and use effective diffusivity as the
independent variable in lieu of WFPS. Many estimates of
diffusivity, however, require information on pore size dis-
tribution (Davidson and Trumbore 1995), which is more
difficult to estimate than is WFPS. It may also be necessary
to evaluate WFPS or diffusivity throughout the soil profile
wherever NO and N2O are produced, rather than relying
only on WFPS of the top layer of mineral soil.

Ab i o tic proce s s e s . The HIP model addresses classical
nitrification and denitrification as defined by Firestone
and Davidson (1989). Chemodenitrification (abiotic reac-
tions involving reduction of nitrite) has been suspected to
be an important source of NO emissions from soils fol-
lowing fire, after wetting very dry soil, and in excessively
fertilized soils, where nitrite can accumulate (Davidson
1992, Neff et al. 1995, Veldkamp and Keller 1997, Verchot
et al. 1999). Production of NO by chemodenitrification
may have affected the Y intercept of the regression of
WFPS and the N2O:NO ratio in a heavily fertilized banana
plantation (Veldkamp and Keller 1997). Chemodenitrifi-
cation and perhaps some other processes of NO and N2O
production and consumption that have yet to be ade-
quately described may produce further exceptions to the
general applicability of the HIP model.

Produ c ti on of N2 du ring den i tri f i c a ti on . In our test of
the HIP model, we were unable to quantify the production
of N2 by denitrifiers. Because N2O is reduced to N2 at high
WFPS, emissions of N2O might be expected to decrease
(Figure 3). In Costa Rican forests, however, Keller and
Reiners (1994) found that N 2O emissions increased expo-
nentially with WFPS, even at WFPS greater than 80%. We
might also expect poor correlations between NO and N2O
emissions and indexes of nitrogen availability when soils
are consistently near saturation, not only because of N2
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production but also because the procedures for three of
the indexes (net nitrogen mineralization,net nitrification,
and nitrification potential) require aerobic conditions.

Hol i s tic approa ch
Has the HIP model passed its test? On the broad scale, the
answer is a clear yes. Regional and global models of soil
emissions of NO and N2O can capture a large fraction of
the variation among land uses and climates. On the finer
scale, the HIP model prediction may be less accurate
unless parameterized by site-specific data. The HIP model
is not meant to preclude further reductionism where war-
ranted. Rather, the HIP model provides a sound ecological
and mechanistic basis for interpreting temporal and spa-
tial variation at all scales of study by neatly encapsulating
into two functions—nitrogen availability and soil water
content—a large fraction of the variability caused by
numerous environmental factors that influence the pro-
duction and consumption of NO and N2O by nitrifying
and denitrifying bacteria.

This concise description of the most important factors
affecting emissions permits the HIP model to explain,
clearly and simply, how ecosystems are likely to respond to
several perturbations. For example, increases in inputs of
nitrogen to ecosystems by fertilization,atmospheric depo-
sition, and nitrogen fixation are likely to have similar
effects: Soil emissions of NO and N2O will increase. The
model also demonstrates how these emissions might be
managed or mitigated. For example, applications of fertil-
izers will result in less flow of nitrogen through the nitrifi-
cation and denitrification “pipes” when crop plants are
already established as good competitors for the fertilizer
n i trogen . Prem a tu re ferti l i z a ti on wi ll re sult in larger
gaseous emissions of nitrogen oxides. By understanding
how water content affects the relative ratios of NO and
N2O, l ocal and regi onal con cerns abo ut tropo s ph eri c
ozone could be mitigated by avoiding fertilizer application
during dry periods when the ozone precursor, NO, is most
likely to leak out of the pipe. Irrigation immediately after
fertilization is likely to increase N2O emissions. Despite
the different roles of NO and N2O in the atmosphere and
the many different reasons why scientists from several dis-
ciplines study one or the other gas, combining studies of
the two gases and linking them mechanistically in concep-
tual and empirical models makes good biological, ecolog-
ical, and practical sense.
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