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Stellingen
I.

Of verbeterd graslandbeheer in de Noordatlantische zone van Costa Rica al dan
niet duurzaam is wanneer, naast economisch gewin en uitputting van de voorraad
voedingsstoffen in de bodem, de emissie van lachgas eveneens een
duurzaamheidsindicatoris,wordt pas duidelijk nadat "harde"reductienormen voor
lachgas zijn vastgesteld.

II.

Bij het inventariseren van lachgasemissies over grote oppervlakken kan de
aggregatiefout in de oppervlakteschattingen het best worden gereduceerd door de
ruimtelijke heterogeniteit van emissieregulerende bodemparameters stochastisch te
beschouwen.
Ditproefschrift

III.

Omdat volgens de wetten van de logica een simulatiemodel dat een segment van
de dode en/of levende natuur beschrijft nimmer kan worden gevalideerd, is het
onmogelijk te zeggen of Monte Carlo-simulaties de respons van het
simulatiemodel, danwel de respons van het bestudeerde natuurlijke systeem
kwantificeren.
Oreskes, N., K Shrader-Frechette, andK. Be/ify 1994. Verification, Validation, and
Confirmation of Numerical Models in the Earth Sciences. Science263:641-646.
Ditproefschrift

IV.

Zolang een simulatiemodel in de praktijk alleen kan worden getest met
meetgegevens op een grotere ruimte-tijdschaal dan die waarop de
modelvergelijkingen zijn gedefinieerd, bevat het schijnnauwkeurigheid.
Ditproefschrift

V.

Ook wanneer iemand zelfgeen veldwerk doet, kan hij goed aardkundig onderzoek
tot stand brengen.

VI.

Geografie isin essentie een zaakvan schaling.
Wiens, J~A., 1989. Spatial Scaling in Ecology
FunctionalEcology3:385-397.

VII.

(Essay Review).

Bij discussies over de fundamentele dan wel toegepaste aard van het onderzoek
dat aan Nederlandse universiteiten wordt verricht,wordt vaak vergeten dat de ene
vorm van wetenschap niet zonder de andere kan.

VIII. Een slecht geheugen bevordert de ontwikkelingvan het analytisch inzicht.

IX.

Had de mens geen besef van tijd, dan zou hij simpelweg zijn in plaats van
proberen te blijven.

X.

Er moet haastwordengemaaktmet ontmoetingen onthaasting.

XI.

Tobben doet men graag opgeruimd.

XII.

Bijgebrek aan talent baart zelfs oefening geen kunst.

Stellingen behonnde bij hetproefschrift vanR. A. J. Plant, getiteld: Effects of Land Use on
Regional Nitrous Oxide Emissions in the Humid Tropics of Costa Rica, Wageningen, 22
februari 1999.

Het is namelijk een eigenaardigheid van de mens dat hij de chaotische werkelijkheid
die hem omringt, tochbeschrijven moet.Hij beschrijft hemalsofhij geordend was. Hij
wil er een orde in leggen. Misschien weet hij dit, weet hij dat het zijn hoogst
persoonlijke orde isdie hijerinlegt,maar hijkan hetniet laten.
{Experimentele romans, W. F. Hermans)
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choices to make things work. Unfortunately, making choices had never been my greatest
strength, which has probably been my unconscious motivation to become a physical
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Variables and abbreviations

List of model variables
Symbol

Description

a

Soil pH

A

Crop water requirement

Br

Root biomass-N

Bs

Shoot biomass-N

('dec

Decomposed C

e

Efficiency factor for biological succession

J clay

Soil clay fraction

f.

Fruit biomass fraction

f.

Initial soil organic C content

JNH4

Initial soil NH4 + -N content

JN03

Initial soilNO3--N content

f

Passive soil organic C fraction

SIUnit

J psoc

fr

Root biomass fraction

f,

Shoot (pasture) or stem and leaves (banana plants)
biomass fraction

Ic

C input to soil from crop residue and/or manure

kg rrr2s_1

/v

N input to soil from synthetic fertilizer and/or urine

kg m -2s"1

N input to soil from root-biomass turnover

kg rrr2 s-1

N input to soil from shoot-biomass turnover
First-order turnover rate of N in old living biomass
First-order turnover rate of N in newly formed biomass
L

Leaf area index

Ksl

Saturated hydraulic conductivity

N

;

Immobilized N

kgnr 2s_1

Nm

Mineralized N

kgnr 2s 1

0B

N uptake from soil by biomass

kgnr 2s"1

Oc

N consumption by catde

kgnr 2s 4

Weighted average C:N ratio in biomass
C:N ratio in microbial biomass
C:N ratio in roots

Variables and abbreviations
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Symbol

Description

Rres

C:N ratio in relevant residue-SOC pool

Rs

C:N ratio in shoots

t

Time

Wfc

Water-filled pore space at field capacity

W,

Initial water-filled pore space

Ww

Water-filled pore space atwilting point

Y

Maximum attainable aboveground drymatter production

<p

Soil bulk density

SI Unit

s

kgn r 2 s_1

Note: only the DNDC variables relevant to this study are listed.

List of frequently used abbreviations
Abbreviation

Description

AU
DNDC
FPD
FWD
GIS
IPCC
IWD
LUCTOR
NAZ
NSA
PASTOR
PDF
SEBEV
SOC
SR
WFPS

Animal Units
DeNitrification-DeComposition simulation model
Fertile Poorly Drained soils
Fertile Well Drained soils
Geographic Information System
Intergovernmental Panel o n Climate Change
Infertile Well Drained soils
Land Use Crop Technical coefficient generatOR
N o r t h e r n Atlantic Z o n e
soils N o t Suitable for Agriculture
PASture and livestock Technical coefficient generatOR
Probability Density Function
Spatial Extrapolation ByExpected Value
Soil Organic Carbon
Stocking Rate
Water-Filled Pore Space

kg nv 3
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General introduction

General introduction

1 General introduction

1.1 Climate change and thegreenhouse effect

I

n recent years, scientists and policy makers have paid increasing attention to climate
change. In 1988, the World Meteorological Organization (WMO) and the United
Nations Environmental Program (UNEP) established the Intergovernmental Panel on
Climate Change (IPCC) to periodically assess the most up-to-date scientific, technical, and
socio-economic research on climate change. Based on its most recent assessment in 1995,
the IPCC proclaimed that the balance of evidence suggests a discernible human influence
on global climate (IPCC, 1995). Although there are still many uncertainties, even in key
factors like the magnitude and patterns of long-term natural climate variability, the IPCC
expects earth's climate system to continue to change in the future.
Greenhouse gases like carbon dioxide (CO2), methane (CH4), ozone (O3), nitrous oxide
(N2O), and chlorofluorcarbon (CFC) play a key role in climate change because they trap
incoming solar radiation that is reflected by the earth surface as infrared radiation. This
process is commonly known as the natural greenhouse effect. Greenhouse gases are
naturally abundant in the atmosphere, and keep earth's annual global surface temperature
at about +15 °C. The average global temperature would be about —19 °C without the
natural greenhouse effect (IPCC, 1994).
Since pre-industrial days, atmospheric greenhouse gas concentrations have grown
significantly. The increase is largely attributed to human activities like fossil fuel use, land
use change, and agriculture. Before globally effective measures to mitigate anthropogenic
emissions can be implemented, a body of research has yet to be carried out on a number
of priority topics (IPCC, 1995). Among these topics are i) assessment of temporal and
regional variability of emissions, and it)the estimation of future biogeochemical cycling of
nutrients and related emissions.

1.2 Nitrous oxide
Atmospheric processes and concentrations
Nitrous oxide is not only a greenhouse gas: in the troposphere, N2O is photochemically
transformed to other nitrogen (N) oxides that are involved in the destruction of O3,
leading to increased UV-Bradiation at the earth's surface. Atmospheric N2O quantities are
minute compared to those of CO2 and CH4 (Table 1.1). However, due to its lifetime of
100 to 150 years and high relative absorption capacity, the contribution of N2O to the
greenhouse effect is still 4-6% (Rohde, 1990; Kroeze, 1993). Ice core studies have
indicated that the concentration of N2O in air was 285 ppbv before the year 1700
(Stauffer and Neftel, 1988). Between 1980 and 1990, the atmospheric concentration of
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N2O has increased at a rate of 0.25-0.31%per year (Prinn eta/.,1990). The concentration
in 1994was 312 ppbv (IPCC, 1994).
Table 1.1

Estimated contribution of various greenhouse gases to the anthropogenic
greenhouse effect, based on the increase in atmospheric concentration observed in
1990.Adaptedfrom Rohde(1990).
Gas

Concentration
[ppbv]

Rate of increase
[ % per ri

Relative contribution
[%]

co2

353* 103
1.7 * 103

0.5
1

60
15

o3

10-50

0.5

8

CFC-12
N2O

0.48

4

8

310

0.2

5

CFC-11

0.28

4

4

CH 4

The two major natural sources of N2O are soils and oceans, while agricultural soils
comprise the main anthropogenic source. The major, and perhaps the only significant,
sink is stratospheric photolysis of O3 (Crutzen, 1981). Stabilization of the atmospheric
N2O concentration requires reduction of sources, and such reductions would need to
extend over lengthy periods to influence concentrations because of the ~120-year lifetime
of the gas.
Nitrous oxide emissions
Emissions from natural and cultivated soils account for 27-59% of the global annual
N2O-N release of 14-18 Tg (1 Tg=l0 1 2 g) (IPCC, 1992). The relative contribution of
natural soils is estimated to be 72-99%. Soil N2O emissions mainly originate as an
intermediate product from nitrification and denitrification (Mosier et al, 1983), soil
processes that operate at the microsite scale. Nitrification is the aerobic process of
ammonia (NH4+) oxidation to nitrite (NOr) or nitrate (NO3-). Under oxygen-limited
conditions, microorganisms may use NO2 as a terminal electron acceptor whereby N2O
is produced (Bremner and Blackmer, 1981). Denitrification is the group of anaerobic
processes that reduce N oxides to dinitrogen (N2), nitrous oxide (N2O), and nitric oxide
(NO). Key regulating factors are soil aeration status, soil content of NH4 + and NO3-, soil
pH, and organic carbon content.
Land use
A growing world population will inevitably lead to increasing demand for food, thereby
invoking land use conversions and modifications. Conversion of natural lands for
agricultural use has expanded the global agricultural production area by about 2% per year
during the 1970s and 1980s (FAO, 1992). Land use modifications aim at higher
production levels per unit area. Land use changes strongly affect soil-N cycling: especially
conversion of natural forest to agricultural land generally increases N2O emissions
(Keller and Reiners, 1994). Therefore, land use changes comprise an important distal
process control on N2O emissions from soil.
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To realize higher crop yields, N availability in agricultural soils is continually being
enhanced. Common ways to add N are synthetic fertilization, inclusion of legumes in the
rotation, return of crop residues and animal manure, and mobilization of soil inorganic N
through tillage (Granli and Beckman, 1994). Nitrogen fertilizer use, which prevails in
developed countries and is growing at a fast rate in developing countries, is a potentially
significant N2O source. Given the current trends in population growth, annual N2O-N
emissions originating from synthetic fertilizer production and use may be 4.2 Tg by the
year 2100, 3.5 times the current emissions from this source (Kroeze, 1993).
Table 1.2

Comparison of uncertainty in global N2O-N ([Tg yr1]) emissions from soils
presented between 1984and 1992.Adapted from Bouwman (1995).

Natural soils
Cultivated soils

Banin et
al., 1984
2.6-25
1.6-5.3

McElroy and
Wofsy, 1986
3.5-11.5
3.5-5.9

Seiler and
Conrad, 1987
3-9
0.5-2.5

IPCC,
1992
2.7-7.7
0-3

Khalil and
Rasmussen, 1992
7.6
0.3-2

Total

4.2-30.3

7-17.4

3.5-11.5

2.7-10.7

7.9-9.6

Source

1.3 Estimating areal fluxes
A comparison of estimates of the global annual N2O release from cultivated soils
illustrates the uncertainty about this source (Table 1.2). Estimates are based on scanty
short-term flux measurements, mostly in temperate climates (Eichner, 1990), that were
multiplied by areas of broad ecosystem groups. That is, all global estimates of N2O from
cultivated soils ignore the extreme variability in time and space that is typical for this gas
(Folorunso and Rolston, 1984). Neglecting spatial heterogeneity can lead to serious errors
in areal flux estimates (Rastetter etal., 1992). In order to reduce uncertainties, plot-scale
fluxes must be extrapolated to regional, continental, and global scales in a more consistent
way. Extrapolation, or "upscaling", presents distinct and complex conceptual and
practical challenges (Groffman, 1991;Bouwman, 1995).
Given the space-time variability of fluxes and considerable costs and complicated logistics
of gas sampling, flux measurements cannot be exhaustive. Therefore, it is necessary to
model fluxes as a function of major distal process controls. Modeling is often done in a
rather empirical way (Groffman etal, 1992). Model formulations, mostly linear regression
equations, lack a mechanistic basis and cannot be used to make future projections.
Moreover, empirical models are often based on observations within a "window", making
their performance in unsampled areas highly questionable. This is a strong justification
for the use of process-based simulation models.

1.4 Objective
The overall objective of this research was to study effects of land use on regional N2O
emissions by extrapolating plot-scale N2O measurements in the Northern Atlantic Zone
(NAZ) of Costa Rica. A body of earlier work carried out in this sizeable humid tropical
lowland area (5450 km2) provided concurrent data on soils, land use, climate, and
N-oxide emissions. The Northern Atlantic Zone (Figure 1.1) has a land use history of
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both conversions (e.g., forest clearing) and modifications (e.g., changes in management).
This history may be a blueprint for future changes in many other Latin American
countries (Veldkamp et al., 1992; Huising, 1993). The research concentrated on N2O
emissions, but nitric oxide (NO) emissions were occasionally included because N O
evolves from the same soil processes as N2O (see section 1.2 above). The land use types
studied were banana plantations and cattle pastures because they i) have dominated the
Atlantic Zone over the past decades, and ii) represent extremely extensive (pastures) and
extremely intensive (banana plantations) management. Because humid tropical forest is
the natural vegetation in the Adantic Zone, forest emissions were taken into account as
well. Arable crops play only a minor role in the area and were therefore ignored. Since
most land use conversions took place more than fifteen years ago, the research focused
on land use modifications.
The above objective is heuristic rather than predictive: because the region studied is
comparatively small, the research is anticipated to contribute litde to a more precise
estimate of the global source of N2O emissions from cultivated soils. However, an
understanding of the factors regulating regional N2O emissions may aid global inventories
in the future.
Figure 1.1 The Northern Atlantic Zone ofCosta Rica.
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Methodology

Available data and models
The research presented in this thesis strongly drew upon recent work done in the Atlantic
Zone by others:
• Measurements of N2O and N O emissions from soils below forest, old and young
pasture, and banana plantations were made by Keller etal. (1993), Keller and Reiners
(1994), Veldkamp and KeDer (1997), and Veldkamp etal.(1998). The gas flux data set
distinguishes between the dominant soil types in the Atlantic Zone, i.e., loamy
Andisols and clayey Inceptisols (according to USDA Taxonomy).
• Wielemaker and Vogel (1993) conducted a 1:150,000 soil survey for the Atlantic Zone
and compiled a digital soil map. Belder (1994) and Stoorvogel (1995) derived a digital
land use map from 1992 areal photographs of the southern part of the Atlantic Zone
and field surveys. The spatial data are stored in polygon (vector) format and can be
manipulated with a Geographic Information System (GIS).
• DeNitrification-DeComposition (DNDC), a process-oriented model of carbon and
nitrogen biogeochemistry, was developed by Li et al. (1992a, 1992b, 1994b). The
DNDC formulation is based on coupled submodels for thermal-hydraulic,
decomposition, denitrification, and plant growth dynamics. The model was originally
designed to estimate annual N2O and N O emissions from nitrification and
denitrification for agricultural fields in temperate regions. Adaptation and calibration
of DNDC for humid tropical Costa Rica was done by Li and Keller (unpublished data).
• The PASture and livestock (PASTOR) and Land Use Crop (LUCTOR) Technical
coefficient generatORs, expert systems to quantify cattle pastures and banana
plantations in the Atlantic Zone of Costa Rica (Bouman etal, 1998; Hengsdijk et al,
1998). These systems were developed within the framework of the Research Program
on Sustainability in Agriculture (REPOSA) in Costa Rica, and formalize data, process
knowledge, and expert knowledge on agricultural systems.
Simulations and statistics
To guide the testing of DNDC, the gas flux measurements were stratified by land use and
soil type; separate model tests, based on regression analysis, were conducted for relevant
soil - land use combinations.
Monte Carlo-based sensitivity analysis (Janssen etal, 1992) was used to identify DNDC's
most important external parameters. Traditional techniques for stochastic treatment of
spatial heterogeneity (King etal, 1989; Heuvelink, 1993;Bierkens, 1994; Kim, 1995) were
employed for areal emission estimation. As opposed to deterministic modeling, yielding a
single outcome, stochastic modeling produces a frequency distribution of outputs. The
input descriptions determine whether modeling is deterministic or stochastic: in the
deterministic case inputs are single values, whereas in the stochastic case the model is
driven by frequency distributions of input variables. A key justification for the use of
stochastic modeling in spatial studies is that the statistical expectation (mean) of the
generated frequency distribution is, in principle, free of aggregation errors. Therefore,
expected values provide a best estimate of areal fluxes when the spatial layout of inputs is
unknown.
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Scale definitions
Throughout this thesis, I employ a consistent definition of spatial scales, being aware that
any classification of spatial scale levels is fuzzy:
• The microsite, or soil aggregate, scale (~10 4 m2) is the level where soil N-oxide
emissions evolve during (de)nitrification.
• Thefieldscale (~10 4 m2) is the level where DNDCestimates N-oxide emissions.
• The landunit,orpatch,scale (~10 6 m2) is the levelwhere arealfluxesare estimated.
• The regionalscale (~10 9 m2) is the level where regionalfluxes are estimated.
I additionally refer to the plot scale, i.e., the level where N-oxide emissions are sampled in
the field, the ecosystem scale, and theglobalscale. The latter scale level is self-explanatory. I
regard the ecosystem scale as the level in between the land unit and regional scale
(Schimel, eta/., 1988;Matson and Vitousek, 1990).

1.6 Thesis outline
The research was carried out in three steps resulting in the three parts of this thesis. Since
most chapters are based on published and submitted papers, the reader may find some
parts repetitive. Part I (Chapters 2 and 3) describes the results of model tests against field
data. In Chapter 2, DNDC is tested against data from a chronosequence of soils below
forest and forest-derived pastures. In Chapter 3, short-term measurements from
fertilization experiments on a Costa Rican banana plantation comprise an additional
benchmark against which DNDCis tested.
Part II (Chapter 4) links field-level and land unit-scale modeling. In Chapter 4, effects of
heterogeneous pasture management on N2O and N O emissions for one land unit are
discussed.
In Part III (Chapters 5 and 6), I describe the estimation of areal fluxes for land units
across the Northern Atlantic Zone. In Chapter 5, a "classic" GIS-based extrapolation,
whereby deterministic modeling is employed and spatial heterogeneity within land units is
ignored, is presented. In Chapter 6, stochastic methods are used in concert with
GIS-based extrapolation to fully account for spatial heterogeneity of both soils and
management within land units. Chapter 7 summarizes and discusses key conclusions
ensuing from this work.

PARTI

Chapter 2
Modeling changes in soil nitrogen cycling induced
by conversion of tropical forest to pasture
R. A.J. Plant and M. Keller

Modeling changes in soil nitrogen cycling induced by forest-to-pasture conversion
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Modeling changes in soil nitrogen cycling induced
by conversion of tropical forest to pasture

Abstract
We used the DeNitrification-DeComposition (DNDC) model to simulate the dynamics of soil
carbon and nitrogen in 25-year chronosequences of Inceptisols and Andisols below forest that had
been replaced by pasture. In order to simulate continuously grazed pasture,we modified DNDC by
adding functions that simulate i)grazing, and ii) the steady input of organic matter through root
turnover and the return of urine and feces to the pasture. We also added an explicit treatment for
the immobilization of nitrogen. Results of simulations were compared to field observations of soil
organic carbon stocks, nitrogen mineralization rates, nitrification rates, and evolution of nitrous
oxide and nitric oxide. The DNDC formulation was found to be consistent with respect to annual
carbon and nitrogen dynamics and annual nitrogen-oxide emissions. In contrast, simulated daily
dynamics of nitrogen-oxide emission did not match field observations. Simulated rates and
pathways of nitrogen loss in the chronosequences of Inceptisol and Andisol were similar.
Considering that a rationale for DNDC is that an explicit description of short-term microbial
processes is required to correctly estimate annual gas emissions, we examine possible causes for
the model failure. We also consider better approaches for future tests of DNDC.

2.1

Introduction

T

he rate of land cover change, particularly in the tropics, has accelerated gready in
the 20 th century (Meyer and Turner, 1992). In tropical America, the most common
man-made change has been the conversion of primary forest to catde pasture
(Kaimowitz, 1996). Between 1981 and 1990, the region lost about 7.5 * 107 ha of forest,
most of which was converted to pasture. Tropical forest clearing and subsequent
establishment of catde pasture significandy alters carbon (C) stocks (Veldkamp, 1994;
Van Dam et al., 1997) and nitrogen (N) transformations (Keller et al., 1993; Reiners et
al., 1994; Keller and Reiners, 1994; Neill etal, 1995) in the soil-vegetation system. Such
disturbance may trigger a net loss of N to the environment, thereby representing i) a
potential source of water and air pollution and ii) a drain on potential productivity.
Nitrogen losses may occur because of simultaneously decreasing plant N uptake and
increasing N mobilization. Mineralization and nitrification regulate leaching and
denitrification, the dominant routes of N removal (Matson et al., 1987; Robertson and
Tiedje, 1988;Bouwman and Van Dam, 1995).
Soil moisture percolating down the soil profile, and out of the rooting zone, may
scavenge part of the nitrate (NO3-) released by nitrification. In the humid tropics, leaching
may significandy contribute to soil fertility depletion because rainfall and decomposition
rates are high (Matson etal.,1987; Bigelow, 1998; Radulovich etal.,1992). Ultimately, the
NO3- leached may enter surface waters and cause eutrophication. NO3 in ground waters
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presents a hazard to drinking water supplies. There may be a considerable potential for
NO3" reduction in the ground water (Rice and Rogers, 1993), a process that has been
considered a possible source of atmospheric N2O when ground water is used for
irrigation (Ronen etal., 1988).
Once mobilized, inorganic N becomes available to nitrifiers and denitrifiers. These
bacteria can produce nitrous oxide (N2O) and nitric oxide (NO) (Firestone and Davidson,
1989). Nitrous oxide is a greenhouse gas that also contributes to the depletion of
stratospheric ozone (Cicerone, 1987). Nitric oxide is a precursor to the formation of
tropospheric ozone (Crutzen, 1981). Luizao eta/. (1989) and Keller eta/. (1993) observed
elevated soil-atmosphere fluxes of N2O and N O after forest clearing. Prinn etal. (1990)
considered this source a strong candidate to balance the global tropospheric N2O budget.
Keller and co-workers reported that N-oxide emissions declined with pasture age, and
suggested that conversion of forest to pasture does not necessarily lead to permanently
elevated fluxes. Recent studies in Brazil show that at some sites the increase of N-oxide
emissions following forest to pasture conversion may be negligible (Keller et a/., 1997;
Verchot eta/., unpublished data). We do not understand the site-to-site differences that
cause the range of soil responses to clearing.
In the field, long-term soil C and N dynamics have been studied along
"chronosequences", i.e., sequences of sites of varying age (Keller eta/., 1993; Veldkamp,
1994; Neill eta/.,1995;Veldkamp etal.,in press). In this approach, time is substituted by
space, with the assumption that observed changes are a function of time only. Therefore,
results may be accidentally biased by spatial variations. In particular inter-annual
variations in climate seriously limit the generality of results obtained in a single year
(Veldkamp et al, in press). Unfortunately, due to the complicated logistics of gas
sampling, itis difficult to replicate chronosequences in space and time.
Simulation modeling of trace gas emissions has long been recognized as an important tool
to test assumptions and generate new hypotheses that can be taken back to the field and
laboratory for further refinement (Matson etal, 1989). Moreover, well-tested models may
be used for predictive purposes (Schimel and Potter; 1995). Nitrogen cycling and N-oxide
evolution have been modeled at the soil microsite scale (Focht, 1974; Leffelaar and
Wessel, 1988), the field scale (Li et al, 1992a, 1992b; Grant, 1993a, 1993b; Bril et al,
1994), the ecosystem scale (Parton etal, 1996; Potter etal, 1996), and regional to global
scales (Bouwman etal, 1993). Regional to global-scale models contain comparatively little
detail and for that reason are easily calibrated. By their nature, these models simulate
spatially and temporally aggregated fluxes. Small-scale mechanistic models, on the other
hand, are parameter-intensive and require careful calibration, but can simulate short-term
N2O flux dynamics. Based on plot-scale studies we know that N-oxide responses to soil
wetting and drying are critical. Therefore, a key issue in N-oxide modeling is the use of
episodic (hourly to daily) versus time-averaged (monthly to annual) climate drivers
(Schimel and Potter, 1995). Large-scale models attempt to capture changes in soil
moisture and heat conditions in a temporally aggregated parameter, whereas small-scale
models typically employ daily to hourly climate drivers.
The objective of this study was to test the performance of a detailed field-scale model
along 25-year chronosequences of Inceptisols and Andisols below forest and pasture
soils.
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2.2 Model structure and adaptations
Model structure
We used an adapted implementation of DeNitrification-DeComposition (DNDC, Li eta/.,
1992a, 1994b) version 63, a mechanistic one-dimensional model of field-level C and N
dynamics in soil-vegetation systems. The model was specifically developed to estimate
(de)nitrification and N-oxide emissions (Figure 2.1).
Figure2.1 Simplified schematic diagramoftheDNDCmodel (afterLieta/.,1994b).
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DNDC consists of four interacting submodels. First, a soil climate submodel calculates
hourly soil moisture and temperature dynamics. Second, a decomposition submodel,
following the basic structure of NCSOIL (Molina et al, 1983), calculates daily rates of
residue-C, humads-C, and microbial biomass decomposition. In addition, this submodel
calculates net N mineralization, nitrification, ammonification, ammonia (NH3+)
volatilization, and ammonium (NH4+) adsorption. Daily production and emission of N2O
and N O from nitrification are explicitly modeled. Third, a denitrification submodel, based
on the aggregate-level model presented by Leffelaar and Wessel (1988), is activated when
a rain event occurs. In the DNDC formulation, a rain event is defined as the time period
from rainfall initiation to the time when water-filled pore space (WFPS) decreases to 35%.
Based on calculated soluble C (DOC), soil nitrate, and soil moisture and temperature, the
denitrification submodel calculates hourly production and emission of N O , N2O, and
dinitrogen (N2). Finally, a plant growth submodel and associated cropping practice
algorithms (Li et al, 1994b) calculate daily plant N uptake, litter and root turnover at
harvest, and incorporate such external inputs of C and N as manure-C and fertilizer-N. In
DNDC, N uptake is the key process linking crop growth with soil C and N status.
Inorganic N availability, soil moisture availability, and soil temperature can limit the daily
potential N uptake rate that is calculated from an implied attainable dry matter production
level.
DNDC simulations of soil C and N dynamics have successfully been tested against results
from field studies conducted under a wide range of soil, climatic, and management
conditions (Li etal.,1992b, 1994a, 1994b).
Model adaptations
Two adaptations were made to the reference model version. First, we modified portions
of the decomposition submodel simulating N immobilization or mineralization. For labile
and resistant residue-C, immobilization during decomposition is modeled implicitly in
DNDC63: adjustment of microbial efficiency automatically leads to immobilization of all
excess N.
Nitrogen immobilization is particularly important when organic matter enters the soil as a
sudden pulse (Neill et al, 1995). Also, under the reference model microbial efficiencies
can become unrealistically low. For these two reasons, we developed a subroutine to
explicitly model gross mineralization and immobilization for the labile and resistant
residue-C pools. The routine is based on a switch determining whether daily increment of
decomposed C (Cdtc, [kg ha-1 d 4 ]) results in N mineralization or immobilization. The
daily amount of N mineralized or mobilized is ([kgh a 1 d 1 ]):

Eq. 2.1

Nm.=C,

dec

J

e_

R„,

R„i.

where Rres and Rmh ([-]) are the C:N ratios in the relevant residue-C pool and microbial
biomass, respectively, and e is an efficiency factor for biological succession. Its maximum
value is 0.6 for amended soil (Molina etal, 1983) and 0.2 for unamended soil (Li et al,
1992a).
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The sign of Nm, toggles the switch: if the newly decomposed residues contain more N
per kg C than required by microbial growth, Nm is positive and N will be released as
NH4 + ; if the residues contain less N per kg C than the microbial growth requirement, Ns
is negative and an amount of mineral N equal to Ns will proportionally be extracted from
the NO3-and NH4 + pools and immobilized. Microbial growth is limited when insufficient
mineral N is available for immobilization.
The original formulation of DNDC was developed primarily for temperate annual crops.
As a simplification, under the reference model all crop residues are added to the soil after
the growing season. In order to adapt the model for perennial grazed pastures, a
subroutine was developed to account for variable input of C and N from root and litter
turnover and animal excreta (i.e., feces and urine). These inputs are critical to the nutrient
balance of grazed systems (Bril etal., 1994; Van Dam etal, 1997). Root (Br) and shoot
( f i j biomass-N (Peg ha 1 ]) at time t ([d]) are calculated from their size at t-At and the
net N change over At (Van Dam etal.,1997):

Eq. 2.2

BJO

= B,s(t -At)+OB -1„„

where OB is the daily N uptake ([kg ha 4 d 4 ]). INrs is the N returned to the soil
([kg ha 4 d 4 ]) during a time increment At, and is calculated using the following equation:

Eq. 2.3

/ „ , „ = Bjt

-At)[l -expf-k,Af)]+ 0B [l-(l- expf-k2AfJXk2A* / ' ]

where kt and k2 ([d4]) are the first-order turnover rates of N in old living plant material
(Brs(t-At)
) and newly-formed biomass (OB), respectively. The newly-formed biomass
is allocated to the shoot and root N pools based on a fixed, user-defined shoot:root ratio.
Nitrogen consumption by animals is proportional to stocking rate. We adopted a typical
annual N-consumption rate of 45 kg per animal unit (1 animal unit (AU) = 400 kg live
weight) (Bouwman and Van Dam, 1995). Using a N-use efficiency of 10% (Bouwman
and Van Dam, 1995), the N excreted is calculated. Excreted N is partitioned into feces-N
and urine-N using a feces:urine ratio of 2 (B. Bouman, personal communication).
Urine-N directly feeds into the mineral N pool of the uppermost soil layer, while feces-N
is recycled indirectly as manure with a C:N ratio of 15 (Haynes and Williams, 1993).
When the feed supply of the pasture is below the feed intake requirement of the grazing
stock, we assume that feed supplements are brought to the pasture.

2.3 Field data for model confirmation
For model tests, we used N2O and N O flux data (Keller etal.,1993), soil organic C (SOC)
data (Veldkamp, 1994), and measured indices of N cycling (Veldkamp et al, in press).
Sampling was done on sites near Guacimo (10°12'N, 83°32'W, Figure 1.1), in the Atlantic
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Zone of Costa Rica, at ± 100 m altitude, on the footslopes of the Turrialba volcano. The
soils are old, deeply weathered, clayey, nutrient-poor Inceptisols developed on alluvial
terraces. The climate in the Atlantic Zone is humid tropical: mean annual temperature is
26 °C and mean annual rainfall is 3000 - 6000 mm. Tropical lowland rainforest is the
natural vegetation.
Keller etal. (1993) sampled soil-atmosphere fluxes of N2O and N O using static, vented
chambers on one forest site and in seven derived pastures (2, 3, 5, 10, 12, 18, and 25 year
old), eight times during February - November 1992. Eight and four measurements of
N2O and N O flux, respectively, were made per month on each site. Averages of replicate
flux measurements were assumed to be representative for the sampling day, hence field —
model comparisons were made using model-simulated daily gas emissions. We also
compared means of the eight monthly samplings to annual fluxes calculated by the model.
Veldkamp (1994) studied SOC storage in the forest soil and the 3, 5, 10, and 18-year old
derived pasture soils. For these five sites, Veldkamp calculated total soil-C stocks
(0 - 0.3 m) using organic C, bulk density and sampling depth. Forest-derived and
pasture-derived carbon were separated using 13 C/ 12 C isotopic ratios.
On all sites, except the 12 and 25-year old pastures, net N mineralization and nitrification
potential were sampled during October 1995 -July 1996 (Veldkamp etal, in press). The
forest site of 1992 was a 3-year old pasture in 1995/96, whereas the 12 and 25-year old
pastures of 1992 had been converted to other forms of agriculture. Veldkamp and
co-workers measured net mineralization using aerobic laboratory incubations.
Nitrification potential was measured using the shaken soil-slurry method. (Hart et al,
1994). Mineralization data were collected in 1995/96, but because chronsequence sites
show persistent N cycling behavior we used these data as a general guide to test model
simulations for 1992 (Veldkamp etal, in press). Nitrogen leaching losses before and after
forest clearing at the La Selva Biological station (10°26'N, 84°00'W, Figure 1.1) have been
measured by Parker (1985). The soil and climatic conditions at La Selva are similar to
those on the Guacimo sites.

Table 2.1 Properties of the Inceptisol and Andisol below forest (Veldkamp, 1994).Initial SOC
is reported excluding litter on the forest floor and roots in the profile. The fraction
passive SOCapplies toinitialSOCexcluding forest litter and roots.
Parameter

Description

Value

Unit
Inceptisol

Andisol

Initial SOC

[Mg ha 1 ]

51.6

97.3

Fraction passive SOC

H

0.5

0.5

(p

Bulk density

[Mgm-3]

0.95

0.75

a

pH (H2O)

H

4.7

5.3

Clay fraction

[%]

63

13

f +
f
J psoc

Jclay

t In DNDC,initial SOCis defined as a fraction. Using bulk densities, the parameters of DNDC'sSOC
distribution function were fitted to yield thegiven initial C stocks.
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Table2.2 Parameters for natural pasture featuring the species Axonopus compressus
(Ibrahim,1994).
Parameter
Rr
R.

A
L

Description
C:Nratioinroots
C:N ratioinshoots
Shoots:rootsratio
First-orderturnoverrateofNinoldlivingbiomass
First-order turnoverrateofNinnewlyformed biomass
Cropwaterrequirement
Leafareaindex

Unit

Value

[-]

26

[-]

26

[-]

4

[d-1]

0.00211

[d-1]

0.01

[-]

770

[-1

3

2.4 Model simulations
To simulate C and N dynamics in the field-sampled Inceptisol, DNDCwas initialized using
characteristics of the forest soil (Table 2.1). It was assumed that initially the primary forest
had already been cleared.
At the start of the simulation, we initiated the SOCpool with Veldkamp's estimate (Table
2.1) for the original forest-SOC (51.6 Mg ha-1) augmented with 25.8 Mg ha 4 of
forest-derived residues and 3.7 Mg h a 1 of forest-derived fine root biomass. Half of the
original SOC (25.8 Mg ha 1 ) was assigned to the passive pool. The DNDC residue pool
comprised 25% of the original SOC(12.9 Mg ha-1) plus the forest-derived residues and the
fine roots. Default DNDC parameter values (Li et al, 1992a) were used to partition the
total residue-SOC (42.4 Mg ha-1) over the very labile (8%),labile (32%) and resistant (60%)
residue pools. The DNDC humads pool contained the remaining 25% of original SOC.
Development of a low-productive grass cover started immediately after forest clearing.
Characteristics of the grass Axonopus compressus were adopted (Table 2.2). This species,
that grew on the 25-year old site, was used as a proxy for the other native low-productive
grass, hschaeum indicum, that grew on all other sites (Veldkamp, 1994) with the exception
of the 2-year old site (Brachiaria humidicola grew on the 2-year old site). This was done
because data for Isschaeum indicumwere unavailable. For the Inceptisol, we assumed an
attainable aboveground biomass-C production of 5 Mg ha-1 yr 1 (Van Dam et al, 1997)
and a typical stocking rate of 2 AUha-1 (Bouwman and Van Dam, 1995).
A DNDC climate scenario for the period December 2, 1991 - November 30, 1992 was
compiled from the 1991 and 1992 records from the nearby Los Diamantes weather
station (10°13'N, 83°48'W, Figure 1.1). During this time span, average temperature was
24.5 °C, and total precipitation was 4146 mm. The climate scenario was repeatedly used
in the twenty-five years simulated.
Using the same climate and management parameters (except maximum attainable
production, see below), a second DNDC simulation was carried out for a chronosequence
of Andisols below forest and pasture. Andisols are young, fertile soils with a sandy loam
texture in the upper 0.3 m (Veldkamp, 1994). Soil properties used for initialization are
summarized in Table 2.1.The initial amount of residue-SOC, consisting of forest-derived
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C (29.5 Mg ha 1 ) and 25% of the original forest-SOC (24.3 Mg ha"1), was 53.8 Mg ha 1 .
Maximum attainable aboveground biomass-C production of Axonopus compressus on
Andisol was reported to be 6 Mg ha-1 yr 1 (Van Dam eta/.,1997).

2.5 Results and discussion
Comparison of simulated Inceptisol C and N dynamics with field data
SOC dynamics. —The DNDC-simulated long-term SOC dynamics in the Inceptisol are
summarized in Figure 2.2a. After twenty-five years of pasture use, model-simulated SOC
in the upper 0 to 0.1 m of the soil profile stabilized at 22.3 Mg ha 1 . This level is
consistent with the observed steady-state level after thirty years of ~24 Mg ha-1. The
cumulative simulated SOC loss (including plant residues) from the top 0 to 0.3 m in the
first three years after forest clearing was 34.6 Mg ha 1 , whereas the observed cumulative
loss was ~34 Mg ha 1 . After eighteen years, the simulated cumulative SOC loss was 44.4
Mg ha 1 , whereas the reported loss was ~35 Mg ha 1 . The overestimation of active-SOC
decomposition may have resulted from improper specific decomposition rates and/or
C:N ratios in DNDC's active C pools. DNDC uses fixed, generic values for all soils and
crop residues (Li eta/., 1994b).
Gas emissions. — Modeled annual N2O and N O flux dynamics generally matched observed
patterns (Figure 2.2b and Figure 2.2c). But, as evidenced by the error bars in Figure 2.2b,
the temporal variation in N2O measured on the 2, 3, 5, and 10-year old pasture sites is
large. It is even difficult to precisely determine the true annual emission from monthly
field measurements. We cannot claim agreement of the model and the measurements to
better than a factor of 2-3 because of the limitations of the measurements.
The model simulated a N2O-N peak of 64 kg h a 1 yr 1 during the first year after forest
clearing. After this first pulse, a less pronounced pulse of 36 kg ha-1 yr 1 occurred in the
fourth year. The second pulse suggests that relatively more N becomes available four
years after clearing because the immobilization rate decreases faster than the gross
mineralization rate. The flux simulated for the 25-year old pasture site was 5 kg N2O-N
ha-1 yr 1 , about twice the observed flux of 2 kg ha-1 yr 1 . Simulated N O dynamics showed
a similar pathway: an initial N O - N peak of 12 kg ha-1 yr 1 was followed by a second pulse
of 4 kg ha 1 yr 1 in the fourth year. The N O : N 2 0 ratio ranged from 0.03 to 0.30 and
tended to decrease with time.
Simulated daily N2O and N O fluxes showed no correlation with monthly sampled fluxes.
The discrepancy could in part be attributed to differences in local weather conditions
across sites. For the simulation, identical weather conditions for all sites were used,
whereas slight variations in precipitation and air temperature may have occurred in the
field.
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Figure 2.2 Field-measured and model-simulated SOC distribution (a), N2O emission (b), and
N O emission (c) for chronosequence on Inceptisols. For (a): SOC measured ( # ) and
simulated (dotted line) for 0.0 - 0.1 m; SOC measured ( • ) and simulated (dashed
line) for 0.1 - 0.2 m; SOC measured (+) and simulated (solid line) for 0.2 - 0.3 m;
SOC measured (X) and simulated (bold solid line) for 0.0 - 0.3 m; For (b) and (c)
errorbars represent standard error of the mean ( ^ ) for 8 monthly flux samplings.
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Leaching. — In DNDC, NO3" leaching is not modeled explicidy, but the released N that is
not taken up by plants or denitrified can be regarded as a proxy for leached NO3-. The
NC>3"-N leaching rate thus estimated reached 301 kg h a 1 in the first year and declined to
57 kg ha-1 in the third year. The leaching rate from the 10-year old pasture was
24 kgha 4 yr 1 . Parker (1985) found leaching losses of 15 kg ha-1 yr 1 from an intact forest
soil and 100 kg h a 1 yr 1 from a recently cleared bare soil. Even though we did simulate N
retention by plant uptake immediately following forest clearing, the estimated leaching
loss in the first year was much greater than the loss measured by Parker (1985) on a
cleared site where no uptake took place. The comparison may be inappropriate because
of site-to-site variations. Nonetheless, the large difference between Parker's estimate and
the model result is troubling. The model predicts a N2:N20 ratio of about 0.30-0.59.
However, experimental evidence suggests that under high carbon and high moisture
conditions, N2:N20 ratios can reach 10 or higher (Weier eta/., 1993). A higher N2:N20
ratio than the modeled value could easily explain the discrepancy between the large
implied leaching amount modeled and the lower measured value.
JV transformations. - Field-measured net N mineralization and nitrification potential
correlated with simulated net mineralization and nitrification rates (Table 2.3) For
nitrification potential, R-square=0.58 (significant at/> < 0.1 by analysis of variance). For
net mineralization, R-square=0.52 (significant at/) < 0.15 by analysis of variance).
N budget. - Model-simulated soil-N budgets after three and eighteen years of pasture use
were compared with budgets compiled by Bouwman and Van Dam (1995) who used
available data and mass balance constraints (Table 2.4). For both the 3 and 18-year old
pasture, simulated annual leaching and denitrification rates and N losses were lower than
estimated by Bouwman and Van Dam. The soil-N loss simulated for the 3-year old
pasture was 126 kg ha-1 yr 1 , whereas Bouwman and Van Dam estimated an average
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annual loss of 600 kg ha 4 yr 1 . As the DNDC simulations suggest (Figure 2.3a), high N
losses do occur, but rates rapidly decline in the first year. The N losses simulated in the
first three years were 517, 124 and 126 kg ha-1 yr 1 , respectively.
Bouwman and Van Dam assumed that pasture yields did not decline. Therefore, their
estimate of N uptake by plants on the 18-year old pasture was the same as the uptake on
the 3-year old site. In our simulations, N uptake declined depending on soil fertility. For
that reason, DNDC-simulated uptake and coupled inputs from litterfall and
rhizodeposition were lower than estimated by Bouwman and Van Dam.
Simulated soil-N dynamics for Andisol and Inceptisol
In Figure 2.3b, 25-year means of the major N fluxes for the Inceptisol and Andisol are
presented. Most notably, mean annual leaching and denitrification rates were higher for
the Andisol than for the Inceptisol. The mean uptake rate was highest for the Inceptisol.
In the fertile Andisol, N availability limited biomass production as of the fourth year. In
contrast, the infertile Inceptisol became N-depleted after eight years.The higher annual N
loss rates from the Andisol (Figure 2.3a) may explain this.
Nitrogen mineralization rates were higher in the Andisol than in the Inceptisol. Because
in DNDC decomposition rates and C:N ratios are constant between soils and with time,
this difference must be attributed to the soil properties implied to the model (Table 2.1).
Since production levels do not differ much between the two soils, the Andisol may lose
more N through leaching and denitrification than the Inceptisol.
The simulated N2O-N flux after twenty-five years of pasture use was 4 kg ha 1 yr 1 for the
Inceptisol and 6 kg ha 4 yr 1 for the Andisol. Nitrous oxide-N fluxes of ~2 kg ha 4 yr 1
have been measured in old active pastures on Inceptisols and Andisols (Keller and
Reiners, 1994; Keller etal., 1993; Veldkamp etal., 1998). The cumulative SOC loss from
the Andisol (including forest litter) after twenty-five years of pasture was 28.4 Mg ha 4 .
For this soil type, Veldkamp (1994) reported a cumulative SOC loss of —22 Mg ha 4 for
25-year old pasture.
Model performance
Comparison between simulation results and field means suggests that DNDC captures the
major trends in C and N transformations in the Costa Rican Inceptisol following forest
clearing. However, DNDC was unable to simulate daily gas dynamics. This is troubling
because DNDCwas designed to simulate gas dynamics in a rainfall event-driven approach.
The rationale behind this design is that, as evidenced by soil microsite studies, trace gas
responses to soil wetting and drying events are critical. Considering that annual emissions
are cumulative daily fluxes, daily comparisons provide a better insight in DNDC's
performance than annual comparisons. The differences in local weather on the seven
sampled pasture sites comprising the chronosequence may have caused a significant part
of the mismatch. If so, future model tests should include frequent measurements of N2O
and N O and information on N2:N20 ratios. At present there is little field data available to
constrain the ratio of N2:N20 produced by denitrification. Recent experiments by Panek
etal.(unpublished data) suggest that field tests may be conducted successfully using 15-N
tracer studies.
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Results from our exploratory m o d e l runs for c h r o n o s e q u e n c e s of Inceptisol and Andisol
sites should be interpreted with care because several simplifications were made. F o r
example, SOC d e c o m p o s i t i o n rates were kept the same for the Inceptisol and Andisol. Soil
organic C d e c o m p o s i t i o n dynamics in tropical soils of volcanic origin (i.e., Andisols)
d e p e n d o n the behavior of a l u m i n u m - organic matter complexes which can protect
organic matter (Veldkamp, 1994). T h i s effect was n o t taken into account.

Table 2.3

Field-measured (Veldkamp et al., in press) and DNDC-simulated indices of N
cycling. Field data are means (standard error), n=4.

Land use

Age
Field

Nitrification potential
Model

Net mineralization
Model

Field

N

[mgkg-' hi]

[kgha > yr 1 ]

frigg-*™-']

[kg ha-' yr1]

Forest
Pasture

0

407

17.0 (2.0)
12.0 (1.9)

-

3

3.0 (0.2)
2.0 (0.2)

Pasture

6

2.3 (0.5)

300

15.8 (4.0)

252

Pasture

7

1.5 (0.1)

274

9.3 (0.8)

231

Pasture

9

1.8 (0.0)

229

12.1 (0.9)

191

Pasture

14

1.6 (0.1)

115

9.5 (1.0)

102

Pasture

22

1.0 (0.0)

37

7.0 (2.2)

47

Table 2.4

302

Annual budget fluxes of soil N [kg ha-1] for two Inceptisol sites, "B&V" indicates
rates estimated by Bouwman and Van Dam (1995), and "Model" indicates
DNDC-simulated rates.
Flux

3-yr pasture
B&V
Model

N precipitation
N fixation

0

Animal excreta

80

Litterfall & rhizodeposition

110

5
0
80
143

Subtotal

195

it uptake
3 volatilization

5

18-yr pasture
B&V
Model
5

110

5
0
80
20

228

195

105

-200

-240

-200

-90

-15

0

-10

0

ching

-100

-57

-8

-15

litrifkation

-480

-57

-18

-12

Subtotal

-795

-354

-236

Net N loss

-600

-126

-41

0
80

117
-12
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Figure 2.3 Model-simulated annual soil-N loss for Inceptisol ( • ) and Andisol (•) plotted
against pasture age (a) and comparison of mean annual major N flows in Inceptisol
and Andisol (b). For (a): triangles ( A ) indicate the estimates of Bouwman and Van
Dam (1995) for young (3-year old) and old active (18-year old) pasture. For (b): bars
represent standard deviations.
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The model adaptations, i.e., the explicit calculation of immobilization and the addition of
algorithms incorporating grass residues and animal feces, significantly affected simulated
N dynamics. Without the immobilization algorithm, the secondary pulse of N2O and N O
was less pronounced. This suggests that immobilization is an important process retaining
N immediately following forest clearing. After the structural forest material with low N
content (i.e., a high C:N ratio) has been incorporated in the soil, the mineralized N may
be mostly available for denitrification an leaching.
The addition of the algorithm accounting for recycling of plant material and feces
affected the simulated steady-state C and N pools in the pasture soils. Without recycling,
the point where all decomposable SOC has been transferred to the slower pools so that
denitrification becomes limited by C availability was reached sooner. Also, biomass
production was lower without the recycling algorithms switched on because, in that case,
there is no source of available N.
Inputs for regional analyses of greenhouse gas emissions are generally derived from
pseudo-homogeneous land units (Plant, 1998). Many authors have suggested that the
accuracy of areal flux estimates can be improved by including information on past land
use (Veldkamp, 1993; Keller et al, 1993; Keller and Matson, 1994; Keller and Reiners,
1994). We found that DNDC is able to estimate annual emissions as a function of pasture
age. Therefore, the model may be suitable for regional analysis of N-oxide emissions from
young forest-derived pastures in the humid tropics.

2.6 Conclusions
• DNDC was able to simulate the major trends in annual N2O, N O , and SOC dynamics
along a 25-year Costa Rican chronosequence of forest and pasture on Inceptisol.
• DNDCcould not capture daily dynamics of N2O and N O flux.
• Trends in measured indices of N cycling (nitrification potential and net
mineralization) matched trends in simulated N transformation rates.
• Simulated nitrate leaching losses were higher than field-measured losses. The low
simulated N2:N20 ratio may explain the discrepancy.
• Rates and pathways of N loss from Andisols and Inceptisols were similar.
• DNDC may be used for regional analysis of N-oxide emissions from forest-derived
pastures in the humid tropics because the model captures annual emissions as a
function of pasture age.
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3 Modeling nitrous oxide emissions from a Costa
Rican banana plantation

Abstract
We applied the process-based DeNittification-DeComposition (DNDC) model to estimate
field-level nitrous oxide emissions from a nitrogen-fertilized banana plantation on a clayey
Inceptisol and a loamy Andisol in Costa Rica. Simulated daily nitrous oxide fluxes were compared
with data from monthly and frequent field sampling. Different parameterizations were used to
represent fertilizer inputs below banana plants (10% of the plantation area) and crop residue
additions between plants (90% of the plantation area). For both the Andisol and the Inceptisol,
simulated below-plant fluxes matched better with frequentiy measured fluxes (R-square 0.53 —
0.60) than with monthly measured fluxes (R-square 0.00 — 0.42). Simulated between-plant fluxes
matched better with monthly measured fluxes (R-square 0.44 —0.78) than with frequently
measured fluxes (R-square 0.00 — 0.16). Per soil type, annual N2O-N losses were calculated by
integrating simulated below-plant and between-plant losses over space, assuming that 40% of the
plantation area is affected by fertilization. Losses calculated for the Inceptisol and Andisol were 6
and 15 kg N2O-N ha 4 yr 1 , respectively. Field-measured losses were 6 and 13 kg N2O-N ha-1 yr 1 .
In addition, three fertilization scenarios for Andisols were studied. When 360 kg N ha*1yr 1 was
applied in six rather than the typical thirteen equal splits, the below-plant N2O-N loss declined by
27%. With twenty-six equal splits, annual below-plant N2O-N losses increased most strongly with
increasing amounts of fertilizer-N (100 — 800 kg ha-' yr'). Field-level simulation modeling plays a
keyrole in regional analysis of land use-related N-oxide emissions.

3.1

Introduction

L

and use changes can provoke increasing concentrations of radiatively active trace
gases in the atmosphere (Meyer and Turner, 1992), and form an important source
in the global nitrous oxide (N 2 0) budget. Nitrous oxide is both a greenhouse gas
and ozone destructor. Changes in land use mainly take place in the tropics,where primary
forest is cleared for pastoral and agricultural use. The latter type of conversion is
especially common in South and Central America (Hecht, 1992).
Keller etal. (1993) and Veldkamp and Keller (1997) studied effects of deforestation and
tropical agriculture on trace gas emissions in Costa Rica. Keller and co-workers found
large changes in the soil-atmosphere flux of N 2 0 for the conversion of humid tropical
forest to cattle pasture in the Adantic Lowlands of Costa Rica. Veldkamp and Keller
(1997) measured N 2 0 fluxes from a banana plantation fertilized with nitrogen (N) in the
same region. Measured fluxes were similar to those previously measured from old-growth
forest (Keller and Reiners, 1994). Veldkamp and Keller (1997) estimated that total
gaseous N losses from the banana plantation (including nitric oxide (NO), dinitrogen (N2)
and ammonia (NH3)) were 10- 20% of the fertilizer applied. They concluded that current

42

Chapter 3

estimates of N 2 0 from fertilized agriculture worldwide might be too low because these
estimates are merely based on measurements in temperate climates (Eichner, 1990;
Bouwman, 1994). A similar conclusion was drawn by Matson et al (1996) for N gas
emissions from fertilized sugar cane in Hawaii.
To assess regional effects of land use on N 2 0 emissions, fluxes measured at experimental
plot scales (~30 m2) must be aggregated over larger spatial units and longer temporal
cycles than can be captured with field measurements. Because the logistics of gas
sampling are complicated, current regional estimates of N 2 0 are based on scanty
short-term measurements. As a consequence, the extreme space-time variability of N 2 0
emissions (Folorunso and Rolston, 1984) is poorly accounted for. Dynamic process-based
simulation models play a key role in overcoming this problem (Matson et al, 1989;
Schimel and Potter, 1995) because they can be used to simulate fluxes for control factor
combinations that cannot be sampled. Moreover, models can be used for exploring "what
i f questions, thereby illuminating which aspects of the system need further study
(Oteskes etal, 1994).
Several detailed biogeochemical models of denitrification and N 2 0 evolution from soil
have been developed (Focht, 1974; Leffelaar and Wessel, 1988; Li etal, 1992a, 1994b).
More generalized ecosystem models (Burke etal, 1990; Parton et al, 1996; Potter et al,
1996) exist for the calculation of temporally and regionally aggregated fluxes. To our
knowledge, none of these models have so far been applied to quantify N 2 0 emissions
from fertilized tropical agriculture.
We present a modeling framework for N-fertilized banana plantations in the Northern
Atlantic Zone of Costa Rica. We used an adapted version of the dynamic process-based
DeNitrification-DeComposition (DNDC) model (Li et al, 1992a, 1992b, 1994b). We
applied the framework to study how N 2 0 losses respond to alternative fertilizer
application strategies.

3.2 Methods
Field sites for model evaluation
To evaluate our simulation results, we used field data from a banana plantation near
Puerto Viejo, Sarapiqui Canton, Costa Rica (10°26'N, 84°0'W, Figure 1.1) (Veldkamp and
Keller, 1997). Nitrous oxide emissions were measured on a loamy Andisol and a clayey
Inceptisol. On each soil, the N 2 0 flux was sampled monthly during a one-year period and
frequently preceding and following two fertilization events. Sampling was done both
below and between banana plants, using sixteen static,vented field chambers per soil type
during monthly sampling, and eight chambers per soil type during frequent sampling. Five
gas.samples were removed from the chambers during a twenty-eight-minute assay and
analyzed using electron capture gas chromatography. During the sampling period
(October 1993 - October 1994), 305 kg N ha 4 was added to the soil in eleven
applications. The type of fertilizer was NH4NO3 in a mixture with P and K.
It was assumed that the flux measurements were representative for the day of sampling.
Therefore, all comparisons between DNDC-simulated and field-measured fluxes were
based on daily fluxes.
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Table3.1 Soil (Veldkamp and Keller, 1997) and land use parameters (Soto, 1985;Veldkamp
andKeller,1997).
Parameter

Description

Unit

Inceptisol

Andisol
a<u

c
sf 2
0 c
1! JS

^

aj to

+2

o c

J 3 CLi

si a,

J 2 <X

4

4

4

4

0.78

0.81

0.78

0.75

6.0

6.0

Soil

f.

Initial SOC

<P

Bulk density

F/o]
[Mgnr ]

a

pH (H 2 0)

H

4.7

4.7

Fertilizer-N application rate

[kgha-1 yri]

3047

-

3047

-

Crop residue-C addition

[Mgha-lyri]

7.3

7.3

J ISOC

Land use
IN

R

Crop residue C:N ratio

H

-

40

-

Y

Maximum attainable drymatter yield

[Mgha lyri]

9

9

12

12

H
H
H
H
H
H

0.3

0.3

0.3

0.3

0.6

0.6

0.6

0.6

0.1

0.1

0.1

0.1

40

40

40

40

456

456

456

456

6

6

6

6

h
re,

40

Crop C allocation

f,

fraction fruits

f,

fraction stems/leaves

fr

fraction roots

RB
A

Average crop C:N ratio

L

Maximum leaf area index

Water requirement (dry matter

basis)

Parameterization
Soil parameters used are summarized in Table 3.1.Climate parameters were derived from
daily rainfall and air temperature data from the La Selva meteorological station (10°26'N,
84°0'W, Figure 1.1). The distance between the banana plantation and La Selva is about
5 km. During the simulated 365 days (October 25, 1993- October 24, 1994), total rainfall
was 3811 mm; mean air temperature was 24.8 °C. Nitrogen input from rainwater
pollution was 5 kg ha 1 yr 1 (M. Keller, personal communication).
Costa Rican banana plantations feature two major mechanisms of C and N input. These
are N-fertilizer application and plant residue addition. Fertilizer is applied manually on a
semi-circle covering the bare soil surface below the banana plant (0.3 - 0.5 m 2 per plant).
This semi-circle is kept free of decomposing litter. Typically, 27.7 kg N ha"1 is applied
every twenty-eight days (360 kg N ha 4 yr 1 , Veldkamp and Keller, 1997). With a typical
density of 2000 banana plants per ha, the 360 kg N ha 4 yr 1 is effective on 10% of the
plantation area. Therefore, the site-specific fertilizer application rate is 3600 kg N ha-1 yr 1 .
During the field experiments of Veldkamp and Keller (1997), fertilizer was applied eleven
times at a site-specific rate of 277 kg N ha 4 yr 1 per application (Table 3.1). Harvest
continues throughout the year. After the banana bunch is harvested, the mother plant is
cut down and left to decompose on the soil surface between plants,which typically covers
90% of the plantation area. Although each plant gives birth to several "suckers", in
general only one is left to eventually replace the mother plant. Annually, the amount of

