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Abstract. While a new class of Dynamic Global Ecosystem Models (DGEMs) has emerged in the 
past few years as an important tool for describing global biogeochemical cycles and atmosphere- 
biosphere interactions, these models are still largely untested. Here we analyze the behavior of a 
new DGEM and compare the results to global-scale observations of water balance, carbon 
balance, and vegetation structure. In this study, we use version 2 of the Integrated Biosphere 
Simulator (IBIS), which includes several major improvements and additions to the prototype 
model developed by Foley et al. [1996]. IBIS is designed to be a comprehensive model of the 
terrestrial biosphere; the model represents a wide range of processes, including land surface 
physics, canopy physiology, plant phenology, vegetation dynamics and competition, and carbon 
and nutrient cycling. The model generates global simulations of the surface water balance (e.g., 
runoff), the terrestrial carbon balance (e.g., net primary production, net ecosystem exchange, soil 
carbon, aboveground and belowground litter, and soil CO2 fluxes), and vegetation structure (e.g., 
biomass, leaf area index, and vegetation compositior0. In order to test the performance of the 
model, we have assembled a wide range of continer/tal- and global-scale data, including 
measurements of river discharge, net primary production, vegetation structure, root biomass, soil 
carbon, litter carbon, and soil CO2 flux. Using these field data and model results for the 
contemporary biosphere (1965-1994), our evaluation shows that simulated patterns of runoff, 
NPP, biomass, leaf area index, soil carbon, and total soil CO2 flux agree reasonably well with 
measurements that have been compiled from numerous ecosystems. These results also compare 
favorably to other global model results. 

1. Introduction 

Recently, ecological research has focused on the functioning 
and dynamic nature of ecosystems, along with their role in the 
global carbon, nutrient, and water cycles. Part of this focus has 
resulted in the development of global terrestrial ecosystem 
models, including models of terrestrial biogeochemistry [e.g., 
Melillo et al., 1993,' Potter et al., 1993; Parton et al., 1993; 
Running and Gower, 1991], global vegetation biogeography [e.g., 
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Prentice et al., 1992; Neilson and Marks, 1994; Woodward et al., 
1995; Haxeltine and Prentice, 1996], and land-atmosphere 
exchange processes [e.g., Dickinson et al., 1986; Sellers et al., 
1996; Bonan, 1995]. However, these models, which were 
individually designed with specific goals in mind, consider a 
limited range of ecosystem processes. Only recently have global 
ecosystem models been designed to integrate biophysical 
processes, biogeochemical cycles, and vegetation dynamics into a 
single, consistent framework [Foley, 1995; Foley et al., 1996; 
Friend et al., 1997]. 

Large-scale integrated biosphere models are urgently needed to 
improve our understanding of how changes in land-use, climate 
variability, and increases in atmospheric CO2 concentrations 
might affect the structure and overall functioning of both natural 
and managed ecosystems across the globe. Such changes in 
global ecosystems have the potential to dramatically modify the 
availability of essential natural resources such as water, food, 
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timber, and fiber during the next century. Furthermore, any 
significant changes in the terrestrial biosphere may contribute to 
additional feedbacks on the climate system through changes in 
vegetation patterns or changes in the production and consumption 
of greenhouse gases. 

It is therefore of the utmost importance that we analyze the 
complex interactions among all facets of the biosphere, including 
atmospheric, vegetative, hydrological, and biogeochemical 
processes. However, the dynamic interactions that occur within 
the terrestrial biosphere take place across a continuum of 
timescales, ranging from seconds to hundreds of years. This 
system complexity has made the development and validation of 
integrated models of the terrestrial biosphere a difficult endeavor 
but one that is essential to global change research. 

An integrated model of the Earth's biosphere, the Integrated 
Biosphere Simulator (or IBIS) [Foley et al., 1996] has been 
developed as a first step toward gaining an improved 
understanding of global biospheric processes and studying their 
potential response to human activity. IBIS is constructed to 
explicitly link land surface and hydrological processes, terrestrial 
biogeochemical cycles, and vegetation dynamics within a single, 
physically consistent framework. Furthermore, IBIS is one of a 
new generation of global biosphere models, termed Dynamic 
Global Vegetation Models (or DGVMs) [Steffen et al., 1992,' 
Walker, 1994,' W. Cramer et al., Dynamic responses of global 
terrestrial vegetation to changes in CO2 and climate, submitted to 
Global Change Biology, 1999], that considers transient changes in 
vegetation composition and structure in response to environmental 
change. Previous global ecosystem models have typically focused 
on the equilibrium state of vegetation and could not allow 
vegetation patterns to change over time. 

Here we present a new version of the IBIS model (version 2), 
which has improved representations of land surface physics, plant 
physiology, canopy phenology, plant functional type (PFT) 
differences, and carbon allocation. In addition, IBIS-2 includes a 
new belowground biogeochemistry submodel [C.J. Kucharik et 
al., Measurements and modeling of carbon and nitrogen dynamics 
in managed and natural ecosystems of southern Wisconsin, 
submitted to Ecosystems, 1999] (hereinafter referred to as 
Kucharik et al., submitted manuscript, 1999), which is coupled to 
detritus production (litterfall and fine root turnover). 

In this study, we present model simulations of the terrestrial 
carbon budget (net primary production, vegetation biomass, soil 
carbon, litter carbon, soil CO2 flux, and microbial biomass), 
global vegetation patterns, and patterns of runoff. To evaluate the 
model output across the world s biomes, we use a new global 
compilation of net primary production (NPP) measurements [S.T. 
Gower, unpublished data, 1999], a global gridded soil carbon 
database [International Geosphere-Biosphere Programme - Data 
and Information System (IGBP-DIS), 1999] and soil CO2 flux data 
[Raich and Schlesinger, 1992]. Measurements of runoff [Cogley, 
1991], microbial biomass [Landsberg and Gower, 1997], fine root 
biomass [Jackson et al., 1996] and litter carbon [Matthews, 1997] 
are also used to test the model results. 

2. IBIS-2: An Integrated Model of Biospheric 
Processes 

The IBIS model includes, in a single integrated framework, 
representations of land surface processes (energy, water, and 

momentum exchange between soil, vegetation, and the 
atmosphere), canopy physiology (canopy photosynthesis and 
conductance), vegetation phenology (budburst and senescence), 
vegetation dynamics (allocation, turnover, and competition 
between plant types), and terrestrial carbon balance (net primary 
production, tissue turnover, soil carbon, and organic matter 
decomposition) [Foley et al., 1996]. These processes are 
organized in a hierarchical framework and operate at different 
time steps, ranging from 60 min to 1 year (Figure 1). Such an 
approach allows for explicit coupling among ecological, 
biophysical, and physiological processes occurring on different 
timescales. 

A description of the IBIS-1 model is given by Foley et al. 
[1996], so it is not described in detail here. Instead, we will focus 
on describing the major improvements, modifications, and 
additions to IBIS that have been made within the current version 
of the model. 

2.1. Land Surface Physics 

The IBIS land surface module, which is based on the land 
surface transfer model (LSX) package of Thompson and Pollard 
[1995a,b], simulates the energy, water, carbon, and momentum 
balance of the soil-vegetation-atmosphere system. The model 
represents two vegetation canopies (i.e., trees versus shrubs and 
grasses), eight soil layers, and three layers of snow (when 
required) (see Figure 2). Following the logic of most land surface 
packages, IBIS explicitly represents the temperature of the soil (or 
snow) surface and the vegetation canopies, as well as the 
temperature and humidity within the canopy air spaces. The 
radiation balance of the vegetation and the ground and the 
diffusive and turbulent fluxes of sensible heat and water vapor 
drive changes in temperature and humidity. In order to resolve 
the diurnal cycle, the IBIS land surface module uses a relatively 
short time step (60 min in this study). 

IBIS simulates the exchange of both solar and infrared 
radiation between the atmosphere, the vegetation canopies, and 
the surface. Solar radiation transfer is simulated following the 
two-stream approximation, with separate calculations for direct 
and diffuse radiation in both visible (0.4-0.7 m) and near- 
infrared (0.7-4.0 m) wavelengths. Compared to LSX and IBIS- 
1, the solar radiative transfer scheme of IBIS-2 has been 

simplified; sunlit and shaded fractions of the canopies are no 
longer treated separately. The model now uses the solution of the 
two-stream approximation following the approach of Sellers et al. 
[1986] and Bonan [1995]. Infrared radiation is simulated as if 
each vegetation layer is a semitransparent plane; canopy 
emissivity depends on foliage density. 

Turbulent fluxes and wind speeds through the canopies are 
modeled using a simple logarithmic profile above and between the 
canopy layers and a simple diffusive model of air motion within 
each layer. In contrast to LSX and IBIS-I, which use a 
logarithmic wind profile below the lowest canopy, IBIS-2 uses an 
empirical linear function of wind speed to estimate turbulent 
transfer between the soil (or snow) surface and the lower 
vegetation canopy. This relation was deduced empirically from 
extensive studies in wind tunnels and beneath vegetation canopies 
in the field by Sauer et al. [1995]. 

The total amount of evapotranspiration from the land surface is 
treated as the sum of three water vapor fluxes: evaporation from 
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Figure 1. Schematic of the Dynamic Global Vegetation Model (DGVM) IBIS [Foley et al., 1996]. The 
characteristic timescales of the processes are indicated at the bottom of the figure. 

the soil surface, evaporation of water intercepted by vegetation 
canopies, and canopy transpiration. Rates of transpiration depend 
on canopy conductance (see below) and are calculated 
independently for each plant type within the canopy. To account 
for evaporation from intercepted rain, the model describes the 
interception and cascade of precipitation (both rain and snow) 
through the canopies. 

IBIS uses a multilayer formulation of soil to simulate the 
diurnal and seasonal variations of heat and moisture in the top 12 
m of the soil. The eight soil layers in IBIS have top-to-bottom 
thicknesses of 0.10, 0.15, 0.25, 0.50, 1.0, 2.0, 4.0, and 4.0 m. At 
any time step, each layer is described in terms of soil temperature, 
volumetric water content and ice content [Pollard and Thompson, 
1995; Foley et al., 1996]. The IBIS soil physics module uses 
Richard s equation to calculate the time rate of change of liquid 
soil moisture, and the vertical flux of water is modeled according 
to Darcy s Law [Campbell and Norman, 1998]. The water budget 
of soil is controlled by the rate of infiltration, evaporation of water 
from the soil surface, the transpiration stream originating from 
plants, and redistribution of water in the profile. All of these 
processes are influenced by the soil texture and amount of organic 
matter within the soil. Moreover, distinct textural differences 

(boundaries) between layers in the soil are particularly influential 
in one-dimensional water flow. 

2.2. Canopy Physiology 

The physiological processes involved in photosynthesis and 
stomatal regulation directly control the exchange of water vapor 

and carbon dioxide between vegetation canopies and the 
atmosphere. IBIS uses a mechanistic treatment of canopy 
photosynthesis [Farquhar et al., 1980; Farquhar and Sbarkey, 
1982] and a semimechanistic model of stomatal conductance [Ball 
et al., 1986]. These formulations are used by other land surface 
packages [e.g., Sellers et al., 1992; Bonan, 1995] and have been 
tested extensively against gas exchange measurements [e.g., 
Delire and Foley, 1999]. 

The photosynthesis rate of C3 plants, which include all trees 
and many herbaceous plants, is expressed following the Farquhar 
equations [Farquhar et al., 1980; Collatz et al., 1991 ]. The gross 
photosynthesis rate per unit leaf area, Ag (mol CO2 m --2 •-l), may 
be expressed as the minimum of two potential rates, 

A n = min(Je,Jc), 
where JE, the light limited rate of photosynthesis, is given as 

"* ) J• - øt3QP c i + 2F. ' (2) 

Qp is the flux density of photosynthetically active radiation (PAR) 
absorbed by the leaf (mol quanta m --2 •-1),0•3 is the intrinsic 
quantum efficiency for CO2 uptake in C3 plants (mol CO2 Ein--1), 
Ci is the concentration of CO2 in the intercellular air spaces of the 
leaf (mol mol-1), and I-', is the compensation point for gross 
photosynthesis (mol mol'l). 
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Figure 2. IBIS state description. The basic state description shown here is carried through the entire integrated 
biosphere model. 

lc - v(c, - E) 
c,+ + [q])' (3) Ko 

deis the Rubisco (enzyme) limited rate of photosynthesis, 
where V,. is the maximum carboxylase capacity of Rubisco (tool 
CO2 m --2 s--l), and • and Ko are the Michaelis-Menten 
coefficients (mol mol 'l) for CO2 and 02, respectively. In IBIS-I 
the maximum Rubisco carboxylation capacity (V,, was predicted 
by optimizing the net assimilation of carbon by the leaf [Haxeltine 
and Prentice, 1996]. However, IBIS-2, for the sake of simplicity, 
prescribes constant values of the maximum Rubisco capacity for 
the following plant functional types: broadleaf deciduous, 
broadleaf evergreen, needleleaf deciduous and needleleaf 
evergreen trees, shrubs, and C3 and C4 grasses. 

Following Collatz et al. [ 1992], the photosynthesis rate of C4 
plants, which include many tropical and warm-season grasses, is 
determined from three potential capacities to fix carbon, 

A s = min(J,, J•., Jc), (4) 
where di= a4Op is the light limited rate of photosynthesis, dE = V,, 

is the Rubisco limited rate of photosynthesis, and dc = kCi is the 
CO2 limited rate of photosynthesis at low-CO2 concentrations. 
The compensation point is assumed to be zero for C4 plants. 

Leaf respiration, Rleaf (mol CO 2 m --2 •-1), is determined by 

Rleaf -- '•' En, (5) 

where T is the leaf respiration cost [Collatz et al., 1991]. The 
maintenance respiration rates of stem and fine root biomass are 
given by 

Rstem -- •stem&apwoodWstem,if(Tstem) (6) 
and 

Rroot -- •rootWroot, if(Tsoil), (7) 

where Cstem and Croot are carbon contained in woody and fine 
root biomass, respectively, /• is a maintenance respiration 
coefficient defined at 15f•C (0.0125 • for stem sapwood biomass, 
1.250 y-i for fine root biomass) [Sprugel et al., 1995; Amthor, 
1984; Ryan et al., 1995], )•sapwood is the sapwood fraction of the 
total stem biomass (estimated from an assumed sap velocity and 
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the maximum rate of transpiration), and ~(T) is the Arrenhius 
temperature function [Lloyd and Taylor, 1994] 

E 1 1 
f(T)- e (8) 

In (8), T is the temperature (13C) of the appropriate tissues (stem 
temperature, soil temperature in the rooting zone), Eo is a 
temperature sensitivity factor, and To is a reference temperature. 

The net carbon balance for each plant type is calculated by 
adding all of the carbon fluxes (including gross photosynthesis 
and maintenance respiration). For each plant type the annual NPP 
is calculated as 

NPP - (1 - r/) f (Ag -- Rleaf -- gstem - groot )dt, (9) 
where Ag is gross canopy photosynthesis and r/ (0.30) is the 
fraction of carbon lost due to growth respiration [Amthor, 1984]. 
Stomatal conductance is simulated following the formulation of 
Ball et al. [ 1986] and Collatz et al. [ 1991, 1992], 

mA n 
gs,h2o = •ss ms + b, (10) 

where gs.h2o is the leaf-level stomatal conductance of water vapor 
(mol H20 m --2 s--!)•s is the CO2 concentration (mol mol -l) at the 
leaf surface, hs is the relative humidity at the leaf surface 
(fraction), and m and b are the slope (nondimensional) and 
intercept (mol H20 m -2 s 'l) of the conductance-photosynthesis 
relationship. Following Collatz et al. [1991, 1992], the 
photosynthesis and stomatal conductance submodels are linked by 
considering the diffusion of H20 and CO2 between the free 
atmosphere, the leaf boundary layer, and the stomatal cavity. 

In IBIS-1 we scaled photosynthesis and transpiration from the 
leaf level to the canopy level by calculating those rates separately 
for sunlit and shaded leaves and then averaging them weighted by 
the fraction of sunlit and shaded leaves occupying the canopy. In 
IBIS-2, we use a new and simpler approach for canopy scaling. 
Our new approach assumes that the net photosynthesis within the 
canopy is proportional to the absorbed PAR (APAR) within it. 
This assumption is supported by several field studies [Hirose and 
Werger, 1987; Field, 1983, 1991; Evans, 1989; Kull and Jarvis, 
1995] and has a theoretical basis [Field, 1983; Sands, 1995; 
Haxeltine and Prentice, 1996]. 

We use our coupled photosynthesis-stomatal conductance 
model to calculate net photosynthesis of a leaf at the top of the 
canopy. The net photosynthesis within the canopy is calculated 
by scaling it proportional to the APAR within it. The vertical 
profile of APAR through the canopy, calculated using the two- 
stream approximation, can be simplified to a simple exponential 
function of leaf area index (LAI). The analytical integral of this 
function, multiplied by photosynthesis of the top leaf gives us the 
canopy-integrated photosynthesis. We then diagnose a canopy- 
average value of CO2 concentration at the leaf surface (C.0 by 
using the big leaf approach [Arethor et a!., 1994; Arethor, 1994; 
Lloyd et al., 1995a, b] and applying a diffusion equation for the 
leaf level CO2 concentration (not shown) to the canopy level. 
Canopy-average stomatal conductance is similarly calculated, 
using the big leaf approach, by applying (10) to the canopy 
level. 

2.3. Phenology 

Many plants show an annual cycle of leaf display (e.g., 
deciduous trees and some shrubs and grasses) and physiological 
activity (e.g., evergreen trees). Typically, changes in leaf display 
and physiological activity are triggered by climatic events, where 
there are one or more unfavorable seasons. IBIS-2 uses a set of 

phenology parameterizations that are based on algorithms 
developed by Botta et al. [2000], which are calibrated against 
satellite-based measures of leaf activity. 

Budburst of winter-deciduous plants is assumed to occur when 
accumulated growing degree days exceed a certain threshold. We 
assume (simplifying the approach of Botta et al., 2000) that the 
threshold is 150 growing degree days (on a-513C base) for shrubs 
and grasses, and the threshold is 100 growing degree days (on a 
013C base) for winter deciduous trees. Leaf fall for trees is 
initiated when one of the following conditions is met; either the 
average temperature (using a 10-day running average) falls below 
013C or is 513C warmer than the coldest monthly temperature. For 
grasses and shrubs, leaf fall is initiated when the 10-day running 
average temperature reaches 013C. This parameterization is a 
deliberate simplification of several phenology parameterizations 
that have been suggested in the literature. However, it is possible 
to make this calculation more process oriented by incorporating 
the inverse relationship between growing degree-day requirements 
for budburst and chilling period length [e.g., Murray et al., 1989]. 

Drought deciduous plants (including tropical deciduous trees, 
shrubs, and grasses) are assumed to respond to changes in the net 
canopy carbon budget. The model calculates the mean (using a 
10-day running average) net photosynthesis rate of the plant 
canopies; whenever the 10-day-mean photosynthesis rate becomes 
negative (indicating that leaf respiration now exceeds gross 
photosynthesis), the model drops leaves. This algorithm captures 
the basic dynamics of water stress on the plant canopies and how 
plants may optimize the canopy carbon budget during droughts by 
reducing their leaf area [Linder et al., 1987]. 

2.4. Vegetation Dynamics 

IBIS represents the vegetation cover as a collection of PFTs, 
where each PFT is characterized in terms of biomass (carbon in 
leaves, stems, and fine roots) and LAI. The definition of plant 
functional types is used to differentiate several important 
characteristics, including basic physiolognomy (trees versus 
shrubs versus grasses), leaf habit (evergreen versus deciduous), 
leaf form (broadleaf versus needleleaf), and physiology (C3 versus 
C4 pathway) (Table 1). The geographic distribution of each plant 
functional type is determined using a simple set of climatic 
constraints that determine cold tolerance limits, growing degree- 
day requirements, and minimum chilling requirements [Prentice 
et al., 1992; Haxeltine and Prentice, 1996; Foley et al., 1996]. 

In each grid cell, a number of plant functional types can exist 
simultaneously. For example, a grid cell in the eastern United 
States might include temperate broadleaf deciduous trees, 
temperate needleleaf conifer evergreen trees, evergreen shrubs, 
deciduous shrubs, and cool grasses. The model explicitly allows 
trees, shrubs, and grasses to experience different amounts of light 
and water availability. In addition, plant competition for these 
two essential resources may be explicitly represented through 
shading and differences in water uptake [Foley et al., 1996]; the 



800 KUCHARIK ET AL.: TESTING A DYNAMIC GLOBAL ECOSYSTEM MODEL 

A A A A A 

V V V , , , 
V V V 

A A 'T•', •', • 
A A A A A 

A A A A 



KUCHARIK ET AL.: TESTING A DYNAMIC GLOBAL ECOSYSTEM MODEL 801 

competition scheme may be further adapted to include mineral 
nutrients. 

This approach provides a highly simplified representation of 
vegetation dynamics that is appropriate for global ecosystem 
modeling. Competition among plant functional types is 
characterized by the ability of plants to capture common resources 
(light and water). For example, trees in the upper canopy are able 
to capture light first and therefore shade shrubs and grasses. 
However, shrubs and grasses are able to access soil moisture first 
as it infiltrates through the soil. Thus the model can 
mechanistically simulate the competition between different plant 
forms. In addition, the competition between plant types of the 
same basic form (e.g., trees) is driven by differences in the annual 
carbon balance resulting from differences in phenology 
(evergreen versus deciduous), leaf form (needleleaf versus 
broadleaf), and photosynthetic pathway (C3 versus C4). 

IBIS considers each plant functional type in terms of a simple 
state description. Each PFT is represented in terms of three 
biomass pools: carbon in leaves, carbon in transport tissues (i.e., 
predominantly stems), and carbon in fine roots. Carbon in leaves 
may also be expressed in terms of LAI by multiplying by the 
specific leaf area (Table 1). Transient changes in biomass poolj 
of plant functional type i are described as 

•Ci,j _ Ci,j 
oqt -- a i/NPPi - •, (11) ' •'i,j 

where ai.j is the fraction of annual NPP allocated to each biomass 
compartment and •'i.j is the mean residence time (from loss of 
biomass through mortality, disturbance, and tissue turnover) of 
each biomass compartment. 

Process-based global terrestrial ecosystem models generally 
use constant ratios of carbon allocation to leaves, roots, and wood 
and therefore are unable to capture the dynamic nature of carbon 
allocation that is driven by changes in nutrient and water 
availability during the various stages of plant growth. 
Unfortunately, an incomplete understanding of the abiotic and 
biotic influence on carbon allocation has made it difficult to 

implement dynamic carbon allocation into process models [Gower 
et al., 1999]. In IBIS-2, we have used a new composite data set 
compiled by Gower et al. [1999] that reports the ratio of 
belowground NPP to total NPP for major terrestrial biomes (Table 
1). Total NPP values that were calculated using estimates of 
belowground NPP (e.g., estimated as a ratio of aboveground NPP) 
were excluded from the data set [Gower et al., 1999]. 
Furthermore, few estimates of belowground NPP exist for tropical 
biomes thus some degree of uncertainty exists with these values. 
The general patterns show that the fraction of annual NPP 
allocated to roots is high in grasses (55%) and shrublands (35%) 
and about 20% for all other forest PFTs, with the exception of 
boreal conifers (40%). The fraction of NPP allocated to leaves is 
30% for all tree PFTs and 45% for shrubs and grasses in IBIS. 
Carbon allocation to wood is calculated from the residual NPP not 

allocated to leaves and fine roots. 

2.5. Soil Biogeochemistry 

In the original version of IBIS [Foley et al., 1996] there was no 
explicit belowground biogeochemistry model to complete flow of 
carbon between the vegetation, detritus, and soil organic matter 

pools. IBIS-2 includes a new soil biogeochemistry module 
[Kucharik et al., submitted manuscript, 1999] (see Figure 3), 
which is similar to other previously documented soil 
biogeochemistry models [Parton et al., 1987, 1993; Verberne et 
al., 1990]. 

Following the framework of Verberne et al. [1990], IBIS 
allows for the growth of microbial biomass to be a direct function 
of the amount of available substrate (litter return and root 
turnover, among other more recalcitrant carbon sources in the 
soil). Furthermore, IBIS allows for microbial growth (and 
turnover) and the rate of nitrogen mineralization to be dependent 
on soil textures (particularly clay content). For example, soils 
higher in clay content have the capability to cause increased 
physical protection of both the microbial biomass and soil organic 
matter, which can potentially yield lowered rates of nitrogen 
mineralization and higher soil carbon densities [Verberne et al., 
1990]. The microbial biomass pool in IBIS is regarded as the 
entire active (highly labile) carbon pool and is kept separate from 
all other belowground soil carbon pools. By explicitly modeling 
the microbial dynamics, simulated microbial biomass values can 
be compared to actual field measurements [e.g., Kucharik et al., 
submitted manuscript, 1999]. 

IBIS allows microbial activity to be dependent on an Arrhenius 
function of physically modeled hourly soil temperatures [Lloyd 
and Taylor, 1994] and water-filled pore space (WFPS) [Linn and 
Doran, 1984]. These functions are not part of the model 
described by Verberne et al. [1990] and are a modification to 
equations used in the CENTURY model. Additionally, rooting 
profiles described by Jackson et al. [1996] are used in IBIS to 
designate where fine roots and soil carbon is most likely to reside 
in the soil profile to 1 m. These profiles allow soil moisture and 
temperature values to be weighted by depth accordingly to 
coincide with the approximate location (depth) of the majority of 
carbon and microbial biomass. Micorrhizae are not explicitly 
modeled within IBIS-2. 

2.5.1. Flow of carbon and nitrogen. Following Parton et al. 
[1987] and Verberne et al. [1990], the main partitioning of carbon 
in 1BIS is between surface and belowground carbon litter pools 
derived from litterfall (leaf turnover, woody detritus, and fine root 
turnover) and the more recalcitrant soil organic matter pools 
(Figure 3). Annual litterfall and fine root turnover from the 
previous year are divided into equal daily increments (total 
detritus production divided by total days in year) which are 
incorporated into the litter pools. This approach is an obvious 
simplification to actual fine root and leaf phenology; namely root 
mortality is not a linear function, and future models should 
include a more sophisticated approach. The detritus is divided 
between decomposable (DPM, decomposable plant matter), 
structural (SPM, structural plant matter), and lignified (RPM, 
resistant plant matter) fractions, each having a specified C:N ratio 
[Kucharik et al., submitted manuscript, 1999]. 

Leaves, woody debris, and fine root biomass detritus are 
treated separately here to divide their respective amounts 
accordingly between the three litter pool compartments based 
upon the C:N ratio of each residue type (leaves, wood, or roots), 
and the C:N ratio of each litter pool compartment [Whitmore et 
al., 1997]. IBIS-2 follows the equations presented by Whitmore 
et al. [1997] which calculates the fraction of each residue type in 
RPM first, then determines the amount of detritus in the SPM pool 
using the fraction allocated to the RPM pool, with the residual 
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Figure 3. Schematic of the IBIS soil biogeochemistry submodel. The following symbols are used to identify 
carbon pools: DPM, decomposable plant matter; SPM, structural plant matter; RPM, resistant (lignin) plant matter; 
POM, protected slow pool of organic matter (OM); NOM, nonprotected slow pool of OM. Lines and arrows drawn 
between carbon pools represent flows of carbon, while thick arrows show microbial CO2 respiration occurring with 
the oxidation of carbon. 

detritus assumed to reside in the DPM pool. Following this 
approach, each plant matter pool (RPM, SPM, and DPM) contains 
some amount of leaf, fine root, and woody detritus. 

IBIS has an aboveground standing litter pool of accumulated 
decomposable and structural leaf and woody biomass at the soil 
surface. Similarly, there is a belowground litter pool of 
decomposing fine root biomass. Generally, these litter pools have 
the shortest residence times of any carbon pool in the model, of 
the order of weeks to months [Parton et al., 1987]. Litter in the 
DPM and SPM carbon pools moves directly to the microbial 
biomass for decomposition, while the lignified plant biomass 
(RPM) is transferred to the soil organic matter [l/erberne et al., 
1990]. The belowground soil carbon is divided into four 
compartments (Figure 3): (1) microbial biomass comprises the 
active carbon pool with a residence time varying from a few hours 
to months, (2) protected and (3) nonprotected organic matter 
comprise slow carbon pools [ Parton et al., 1987], with 
residence times of 10-30 years, and (4) stablized organic matter, 
representing the most recalcitrant carbon, typically with residence 
times of more than 1000 years [Verberne et al., 1990]. The 
carbon to nitrogen ratios for the various carbon pools reported by 
l/erberne et al. [1990] are used in our model and are assumed to 
remain constant (Table 2). As carbon in litter and soil organic 
matter decomposes, it is partitioned between microbial biomass 
and respiration according to the microbial efficiencies assigned to 
each transformation (Table 2). 

The variables output by the model include total soil carbon and 
nitrogen, aboveground and belowground litter carbon, total 
microbial biomass, soil surface CO2 flux, nitrogen 
mineralization/immobilization, and organic carbon and nitrogen 
leaching. Amounts of atmospheric nitrogen deposition and 
nitrogen fixation (both functions of annual precipitation) are also 
determined in IBIS using empirical equations found in 
CENTURY [Parton et al., 1987]. 

2.5.2. Decomposition processes. Soil organic matter 
decomposition is simulated using a daily time step; hourly values 
of modeled soil temperature are converted into daily average 
values. The base decay rates of litter, root, and soil carbon and 
microbial biomass turnover (defined at 1513C and 60% WFPS; 
Table 2) are modified by functions of soil temperature and soil 
moisture. Modifying factors, which are used to simulate the 
temperature and moisture effects on microbial activity, are 
calculated using two different sets of soil temperature and 
moisture values. One set of modifying factors influences the rate 
of litter decomposition at the soil surface and are based on the 
daily average 0-10 cm soil temperature (top soil layer in IBIS) and 
0-10 cm soil moisture. The second set of factors affects the 

turnover rate of microbial biomass and the transformation of 

belowground soil carbon between individual pools (fine root 
detritus, active (microbial), slow, and passive pools). These 
factors are based on the 0-100 cm soil temperature and soil 
moisture values, which are depth weighted by the fraction of total 
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Table 2. Base Rate Constants of Carbon Decomposition, Microbial Efficiency Factors and C:N Ratios Used Within 
the IBIS Soil Biogeochemistry Model 

Transformation/Pool Decomposition Rate, d '• Microbial C:N 
Efficiency Pool 

DPM 

leaf litter 0.15 0.40 6 
fine roots 0.10 0.40 6 
wood 0.00 0.40 6 

SPM 

leaf litter 0.01 0.30 150 
fine roots 0.005 0.30 150 
wood 0.001 0.30 150 

RPM 

leaf litter 0.01 1.0 100 
fine roots 0.005 1.0 100 
wood 0.001 1.0 100 

Pbio ==1> Po,, 0.005 1.0 10 
Nbi o ==I} Non, 0.045 1.0 10 
Po,, :=• Pbio 1.0 x 10 '4 0.25 10 
No,, • Nbio 0.001 0.20 15 
Pon, :=• So,, 1.0 x 10 '6 1.0 15 
No,, :=• So,, 1.0 x 10 '6 1.0 10 
Son, 8.0 x 10 -7 0.20 15 

The C:N ratio of litterfall and fine root turnover in IBIS is 40 for leaves, 200 for wood and 60 for fine roots, 
respectively. Here 1 - efficiency is the fraction of carbon oxidation that is released as CO2. Symbols are defined to 
denote the following C pools: DPM, decomposable plant material; SPM, structural plant material; RPM, resistant 
(lignin) plant material; Pb•o, protected microbial biomass; N•o, nonprotected microbial biomass; Pon,, protected slow C 
pool; No,,, nonprotected slow C pool; Son,, stabilized passive C pool. 

root biomass in each soil layer following Jackson et al. [1996]. 
Carbon added to the soil through the decomposition process is not 
partitioned with respect to soil layers (e.g., decomposition of fine 
root biomass is not kept track of for each individual soil layer); 
instead, the total amount of decomposed carbon is aggregated for 
the total soil profile. 

The soil carbon decomposition factors used in IBIS were 
determined from a simple calibration procedure. First, the model 
decay constants were modified so that the simulated global totals 
of soil carbon (to 1 m total depth) were close to reported estimates 
of 1200-1600 Gigatons (Gt) [e.g., Post et al., 1982; Zinke et al., 
1986; Schlesinger, 1991; Eswaran et al., 1993; Sombroek et al., 
1993; Batjes, 1996]. Then, the annual amount of leached organic 
carbon was calibrated to fall within the range measured at various 
natural and managed ecosystems in Wisconsin (leaching was 
typically between 0.001-0.005 kg C m -2 yr-l; see Brye et al. 
[1999]). These simulated values are also representative of both 
temperate upland forests and swamps and lowland forests, which 
have reported carbon leaching rates of 0.001-0.014 kg C m -2 yr -1 
[Landsberg and Gower, 1997]. 

3. Model Implementation 

We present the results of a 135-year model simulation (1860- 
1994) performed on a 113 latitude by 113 longitude global terrestrial 

grid, driven by climatological data and soil boundary conditions. 
The model simulation went through an initial 400-year spin-up 
procedure where soil carbon, vegetation structure, and biomass 
were allowed to come to an equilibrium state assumed to exist in 
1860. During this initial spin-up period, the soil biogeochemistry 
and vegetation dynamics were both subjected to separate 
numerical acceleration procedures. The vegetation dynamics 
were assumed to occur at 4 times the normal rate (plant 
competition for light and water, NPP, carbon allocation, and 
mortality) during years 20-100 of spin-up and 2 times the normal 
rate during years 101-150. 

The initial 400-year model spin-up assumed a preindustrial 
concentration of atmospheric CO2 (286.6 ppmv) and was driven 
with 1860-1899 climatology of mean monthly temperature and 
precipitation (M. Heimann, Max-Planck-lnstitut fuer 
Biogeochemie, personal communication, 1999), and 1931-1960 
climatology of Leeroans and Cramer [ 1990] for monthly average 
daily temperature range (Tmax-Tmin), the number of days with 
precipitation each month and potential sunshine hours (W. 
Cramer, personal communication, 1999). Absolute minimum 
temperature data, used to determine the extreme geographic limits 
of several plant types within IBIS, were obtained from P. Bartlein 
(personal communication, 1998). Monthly-mean estimates of 
relative humidity and wind speed were compiled from the 
National Center for Environmental Prediction (NCEP)/National 
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Center for Atmospheric Research (NCAR) reanalyzed 
meteorological dataset [Kalnay et al., 1996]; we averaged the 
NCEP/NCAR data from 1958 to 1997 to determine the 

climatological values. The simulation begins with zero snow 
cover and uniform soil temperature (5BC) and soil moisture (50% 
of pore space). All soil carbon and litter pools also have zero 
carbon stores to begin, with the soil carbon having reached an 
equilibrium value by the end of the model spin-up (year 1860) 
using a numerical acceleration procedure that is discussed below. 
After spin-up, the model was run for 135 years using transient 
climate and atmospheric CO2 data from 1860-1994 (M. Heimann, 
Max-Planck-Institut fuer Biogeochemie, personal communication, 
1999) and Leeroans and Cramer [1990] climatology for other 
meteorological driving variables. 

3.1. Weather Generator 

IBIS uses a 60-min time step to calculate land-atmosphere 
exchange processes. To meaningfully convert monthly-mean 
climate data to this time step, we use a stochastic weather 
generator based on Richardson [ 1981 ], Richardson and Wright 
[1984], and Geng et al. [1985]. The Richardson-style weather 
generator stochastically determines the probability of weather 
events (on the basis of long-term climatic means). The 
interrelationships between the random variations in atmospheric 
parameters (e.g., perturbations in temperature, precipitation, and 
cloudiness) and their persistence over time are determined from a 
serial auto-correlative approach. This ensures that a reasonable 
sequence of atmospheric parameters, mimicking the day-to-day 
behavior of synoptic weather events, is provided to the model. 
Spatial correlation between grid cells, however, is not accounted 
for on hourly to daily timescales. Furthermore, the Richardson- 
style weather generator explicitly considers the statistical 
distribution of atmospheric parameters, so extreme weather events 
can be generated within the model. This is critical to simulating 
the surface water balance, where extreme rainfall events often 
produce a large fraction of the runoff. 

3.2. Soil Data Sets 

We adopted a new global data set [IGBP-DIS, 1999] of soil 
texture to represent soil conditions across the globe. Using the 
SoilData software that was included with the data set [IGBP-DIS, 
1999], the fraction of sand, silt, and clay were determined for each 
IBIS soil layer. For soil depths where there was no default data, 
the value of the layer immediately above was used. This allowed 
each IBIS grid cell to have a representative fraction of sand, silt, 
and clay as a function of depth in the soil. This is a significant 
improvement over the original soil data set used by IBIS [Zobler, 
1986], which did not contain soil texture as a function of depth. 

To determine the hydraulic and physical properties of the soil 
layers, we classified soil texture classes into 11 categories 
following RawIs et al. [1992] and Campbell and Norman [1998] 
(see Table 3). IBIS matches each soil layer of each grid cell to the 
most comparable of the 11 soil texture categories. Soil properties 
assigned to each soil category include porosity (m 3 m-3), field 
capacity (m 3 m'3), wilting point (m 3 m'3), saturated matric (air- 
entry) potential (m H20), and the saturated hydraulic conductivity 
(m s-i). Additionally, following Campbell and Norman [1998], 
the density of soil material (kg m '3) is computed by 
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2650 (1 --forgan•c 4- 1300 forgan,c, 

and the specific heat of soil material (J kg -• K 't) is given by 

(12) 

870 (1 '•forgan,c) 4- 1920forganic, (13) 

where forgamc is the fraction of organic matter content in the soil. 
In this version of IBIS, for simplicity, it is assumed that all soil 
layers contain 1% organic carbon content in these calculations. 
However, it is possible to modify the physical properties of the 
soil in terms of the soil organic content, thus allowing soil 
hydraulic properties to evolve with changes in soil organic matter. 
This could have important applications in comparing different 
land use practices, where differences in soil organic matter can 
cause differences in key soil properties (e.g., density, water 
holding capacity, and heat capacity). 

3.3. Numerical Acceleration of Soil Carbon Dynamics 

The amount of soil carbon and nitrogen can be initialized using 
observed quantities of soil carbon or zero stores of carbon and 
nitrogen. One notable problem with initializing the model with 
actual data or current measurements of total litter and soil carbon 

densities is that these total quantities are partitioned into several 
compartments in IBIS (like numerous other biogeochemistry 
models) (Figure 3). Soil carbon measurements generally do not 
distinguish between active, slow, and passive carbon pools or 
distinct litter quality categories. Therefore an initialization 
procedure would be difficult to implement without causing some 
degree of uncertainty in the subsequent biogeochemical cycling. 
Consequently, for model results reported in this study, the soil 
storage of carbon and nitrogen was initialized at zero. 

During a typical IBIS model run, a numerical acceleration 
procedure is used to simulate approximately 5000 years of actual 
(geologic) time during a 150-year model integration. To do so, 
the soil biogeochemistry module in IBIS, which operates on a 
daily time step, is called 40 times each day with constant soil 
temperature and moisture (instead of performing just one 
execution) during the first 100 years in a model run. During the 
next 50 years of the numerical acceleration (model years 100- 
150), a linear decrease in the degree of acceleration occurs until 
the biogeochemistry model is only called one time each day 
(normal operation) at year 150 (compared to 40 times at year 
100). This progressive decrease applied to the numerical 
acceleration over time allows for the biogeochemical cycling to 
adjust gradually to an equilibrium state instead of implementing 
an abrupt discontinuation of the numerical acceleration at year 
150. 

4. Results 

We present the long-term characteristics of the simulation, 
based on a 30-year average of model results between years 1965 
and1994. These results are intended to represent the average state 
of present-day ecosystems. Because the model does not explicitly 
include periodic disturbance mechanisms (e.g., fire, wind, and 
herbivory), a state of equilibrium (where values of NPP and soil 
carbon along with vegetation structure do not change significantly 
over time) would be attained if atmospheric CO2 and climate were 
assumed to remain constant. In natural ecosystems, however, 
where disturbance is part of the system, a true steady state 
condition may never be reached even if other changes in climate 

or CO2 concentrations did not occur. In the following sections we 
present and evaluate the results of the model in terms of a wide 
range of phenomena, including hydrological processes, the 
terrestrial carbon balance, and global vegetation patterns. 

4.1. Terrestrial Water Balance 

The hydrologic cycle is of critical importance to climate and 
global ecosystem processes. Delire and Foley [ 1999] have tested 
IBIS-2 against a variety of detailed biophysical measurements, 
including evapotranspiration and soil moisture, made at sites 
across the globe. However, these site-specific model exercises 
cannot fully address the ability of the model to capture 
hydrological processes at continental and global scales. In order 
to test the model at these scales, we need to use data collected at 
fundamentally larger scales. Currently, we use spatially extensive 
terrestrial hydrological data consisting of a network of river 
gauges to evaluate hydrological processes in IBIS. 

We compare the global patterns of simulated runoff to river 
gauge observations compiled by Cogley [1991]. Cogley digitized 
the United Nations Educational, Scientifi'c, and Cultural 
Organization (UNESCO) [1978] global runoff maps, which were 
compiled from over 1000 long-term river gauge measurements 
taken fi'om around the world to provide a preliminary estimate of 
global runoff patterns. IBIS simulates the global patterns of 
runoff quite well compared to observations (Plate 1). The 
pronounced runoff peak in the tropics is particularly well 
captured, as are the weaker •naxima in midlatitudes and the dry 
belts of the subtropics. The only systematic bias in the model 
results appears in the high northem latitudes, where precipitation 
and river discharge data are still questionable. 

In our work with IBIS-2, we have tested the water balance 
budget of the model against three sources of data: (1) site-specific 
biophysical measurements from meteorological towers [Delire 
and Foley, 1999], (2) global compilations of river gauge 
networks, and (3) continental-scale compilations of long-term soil 
moisture measurements. However, this is still only a cursory 
evaluation of the land surface and hydrological processes involved 
with terrestrial ecosystem processes. Much more attention should 
be paid to this aspect of global ecosystem models, but improved 
data sets of global hydrological processes are needed. 

4.2. Net Primary Productivity (NPP) 

For individual 113 x 113 grid cells, model estimates of annual 
average NPP range from 0.0 to 1.5 kg C m '2 yr '• (Plate 2a). 
Averaged for each of the 1-5 basic vegetation types defined by 
IBIS, NPP ranges from 0.001 kg C m '2 yr '• in deserts to 0.90 kg C 
m '2 y-r • in tropical evergreen forests (Table 4). These results 
obviously show that simulated NPP is highest in warm, moist 
tropical climates and lowest in subtropical deserts or polar regions 
experiencing cold and dry conditions throughout the year. 

The global total annual NPP is approximately 54.3 Gt C yr 't 
and is 47.3% of the annual gross primary production (GPP) (114.7 
Gt C yr'•), which falls within the range of measured NPP/GPP 
ratios reported by Waring et al. [ 1998]. Table 4 also shows that 
GPP biome averages range from 1.89 kg C m'2yr -• for tropical 
evergreen forests to 0.020 kg C m '2 yr -• within desert regions. For 
major ecosystem types (tropical, boreal, temperate, and grasses) 
the ratio of NPP/GPP varies from 10% in deserts to 30% in open 
shrublands and savannas and up to 55% in tundra and temperate 
broadleaf evergreen forests. 
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Plate 1. Global distribution of (a) simulated runoff (average of years 1965-1994), (b) observed runoff [Cogley, 
1991 ], and (c) comparison of zonal means of simulated and observed runoff versus latitude 
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Plate 2. Distribution of (a) simulated annual net primary productivity (NPP; kg C m -2 yr 'f) and (b) observations 
compiled by S.T. Gower (unpublished data, 1999). 
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To evaluate IBIS simulations of annual NPP, we compare the 
model results to a dataset of field measurements compiled at the 
University of Wisconsin [S.T. Gower, unpublished data, 1999] 
(Plate 2b). NPP data were compiled from three major sources: 
Esser et al. [1997], Cannell [1982], and individual NPP data 
complied by S.T. Gower [unpublished data, 1999]. These data 
were processed to remove redundancy among the data sets and 
quality screened by removing any value that differed more than 3 
s.d. from the mean biome value. NPP was calculated as the sum 

of wood (stem + branch) + foliage production. Many studies use 
leaf litterfall as a surrogate for foliage production. Only a small 
fraction (12%) of the studies have belowground NPP data; to 
standardize the data we use the aboveground:belowground NPP 
ratios from Gower ct al. [1999] to approximate total NPP. In this 
comparison, we use a total of 1882 measurements made at various 
sites. 

In order to describe biome-average variations in NPP, the 1882 
field measurements are categorized into one of the 15 IBIS 
vegetation types (Table 4). However, not all of the 15 IBIS 
vegetation types had associated NPP field measurements 
(savanna, polar desert, and open shrublands were omitted), 
leaving 12 biomes for comparison (Figure 4). There is reasonable 
agreement between the simulated and observed NPP across most 
biomes. Simulated and measured NPP differed on average by 
39% for the 12 biomes in which comparisons were made; the 
smallest difference was 4.0% for temperate deciduous forests (403 
measurements), while the greatest difference (within a nondesert 
area) was 89% for boreal mixed forests (44 measurements). 
Much of the large discrepancy between measurements and 
simulations in boreal mixed forests could be explained by the fact 
that the IBIS mixed forest biome classification includes mixed 

forests from all regions of the globe. 
While we believe that this data set represents the most 

complete and accurate set of global NPP measurements currently 
available, caution should still be taken when comparing model 
simulations and measurements. The IBIS model simulates the 

average NPP over a homogeneous 113 x 113 grid cell, while field 
measurements of NPP are generally made on individual allometric 
study plots, sometimes as small as 10 m on a side. Furthermore, 
belowground NPP measurements are exceedingly difficult to 
make and are sometimes estimated on the basis of assuming a 
fixed ratio between belowground to aboveground production (e.g., 
50:50 contribution to total NPP). 

4.3. Vegetation Biomass 

The distribution of vegetation biomass (including both 
aboveground and belowground components), divided into trees 
and shrubs/grasses, is highlighted in Plates 3a and 3b. In 
individual l g x 113 grid cells, the simulated total carbon density 
ranges from 0.01 kg C m '2 in subtropical deserts to 14.1 kg C m '2 
in the core of tropical rainforests. The biome-average biomass 
density ranges from 0.03 kg C m '2 in desert ecosystems to 9.1 kg 
C m '2 in tropical evergreen forests (Table 4). The global storage 
of carbon in vegetation biomass is 557.4 Gt C. 

We also show the mean residence time of carbon in living 
biomass (Plate 3c), estimated as the ratio of equilibrium 
vegetation biomass to NPP. Tropical rainforests, which have 
relatively large stores of carbon in vegetation, generally have the 

shortest residence times (Table 4). Temperate forests and boreal 
forests generally have the longest residence time of carbon in 
biomass, around 10-25 years and slightly higher in a few 
locations; however, this is a difficult value to measure directly. 

We also compare simulations of fine root biomass to data 
compiled by Jackson et al. [1996] (Table 5). Simulated values of 
the annual average live fine root biomass in IBIS range from a 
low of 0.004 kg C m '2 in deserts to a high of 0.200 kg C m -2 in 
temperate needleleaf evergreen forests (Table 4, Table 5); tropical 
and boreal forests generally have simulated values between 0.08 
and 0.20 kg C m -2. The range of live fine root biomass reported 
by Jackson et al. [1996] is 0.07-0.47 kg C m '2. When biome- 
average IBIS results are compared to equivalent data compiled by 
.lackson et al. [1996], temperate and tropical forests generally 
agree to within 10-25%. The largest discrepancy between model 
simulations and measurements (outside of desert regions) existed 
with the IBIS grassland/steppe biome, which yielded a difference 
of about 71% (Table 5). 

The biome classifications differ between Jackson et al. [1996] 
and lB IS making a direct one-to-one comparison difficult. Only 
one boreal forest category (including both deciduous and 
coniferous) was presented by Jackson et al., and grasslands were 
partitioned into temperate and tropical categories. Furthermore, 
no distinction is made in the Jackson et al. data set between open 
and dense shrubland types. For the purpose of this study, the 
Jackson et al. temperate grassland biome is compared to the IBIS 
grassland/steppe biome, and the Jackson et al. tropical grassland is 
compared to the IBIS savanna biome. The shrub data are 
compared to the dense shrubland biome category in IBIS. 
Jackson et al. did not present data for mixed forests. For those 
biomes that do correlate between IBIS and the Jackson et al. 

categories (tropical and temperate ecosystems), generally good 
agreement exists. However, it is obvious that some rather large 
differences exist in tundra and desert ecosystems (40-75%), and 
IBIS greatly underestimates (by 71%) grassland fine root biomass 
reported by Jackson et al. This large difference may be partly 
due to IBIS having an oversimplified root turnover 
parameterization; fine roots are assumed to only turnover one time 
each year. We note however that the simulated values in Table 5 
are annual averages, while the data compiled by Jackson et al. are 
from specific point measurements made during different time 
periods and may not represent a true annual-average value. 

4.4. Leaf Area Index 

Plate 4a shows the distribution of LAI (defined as single-sided, 
projected leaf area) for trees. The LAI of trees range from 1.0-4.0 
in boreal and tundra regions to 4.0-8.0 in temperate coniferous 
and deciduous forests to a high of 8.0-11.0 in tropical rainforests. 
For forested regions in IBIS the biome-average LA! ranges from a 
high of 6.8 in tropical evergreen forests to a low of about 2.7 for 
boreal deciduous forests (Table 4). Values of tree LAI in 
savannas, grasslands, shrublands, deserts, and tundra regions are 
all less than 1.0. These LAI values for main forested regions are 
realistic and compare reasonably well to measurements made in 
several forested areas. Measurements made in boreal forests 

during the Boreal Ecosystem-Atmosphere Study (BOREAS) 
[Gower et al., 1997; Kucharik et al., 1997, 1999; Gower et al., 
1999] show that LAI was approximately 2.0 in jack pine forests, 
3.5 in aspen, and 6.0 in black spruce stands. LA! has been 
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Figure 4. Comparison of simulated versus observed NPP values (kg C m '2 yr 'l) [S.T. Gower, unpublished data, 
1999] reported on a biome-by-biome basis (average and +/- 1 s.d. are shown). The average and standard deviations 
of model output reflect variations occurring within each specific biome over the 30-year period (years 1965-1994) 
and are not intended to show year-to-year differences. 

measured to range from 1.3 to 8.4 in temperate coniferous and 
deciduous forests of the Midwestern and eastern United States 

[Fassnacht and Gower, 1997; Landsberg and Gower, 1997; 
Gower et al., 1999]. LAI can reach values greater than 10 in 
some evergreen coniferous forests of the Pacific Northwest in the 
United States [Landsberg and Gower, 1997]. LAI of tropical 
forests is also variable. LAI has been measured at 5.1-7.5 for 

lowland tropical rainforest in Venezuela [Saldarriaga and 
Luxernoore, 1991], 6.6 for a lowland rainforest in Puerto Rico 
[Jordan, 1971], 5.5 for an evergreen montane rainforest in 
Jamaica, 7.5 for a lowland evergreen rainforest in Malaysia [Kira, 
1978], and 12.3 for a lowland evergreen rainforest in Thailand 
[Kira et al., 1964]. Roberts et al. [1996] showed that the LAI 
values at two sites in the Amazon forest (Manaus and Ji-Paran ) 
were 6.0 and 4.7, respectively. 

The simulated LAI of grasses and shrubs ranges from 1.0-3.0 
in tundra and boreal regions to 3.0-6.0 in the grassland and 
savanna regions of northern Africa, Australia, and the Great 
Plains region of the United States (Plate 4b). Some locally higher 
LAIs are apparent in Africa and Australia, where some values 
approach 8.0 to 10.0. The biome-average grass and shrub LAI in 
nonforest biomes are highest in savannas (3.3) and obviously very 
low in desert areas (0.10) (Table 4). In all forest biomes the 
average LAI of grasses and shrubs is generally less than 1.0. A 
significant, negative correlation exists between tree LAI and shrub 
and grass LAI in forest biomes in IBIS. The general pattern is 
that higher LAI forests that achieve canopy closure (LAI > about 

4.0) prevent significant quantities of light from reaching the forest 
floor, thus inhibiting the development of grasses and shrubs. 

A plot of several NPP versus LAI measurements for different 
forest stands are shown in Figure 5 along with all biome-average 
values simulated by IBIS. The compiled measurement data are 
from the following sources: Fassnacht and Gower [1997], who 
report aboveground NPP versus LA! for evergreen needleleaf, 
broadleaf deciduous, and mixed forest stands in northern 

Wisconsin; Runyon et al. [1994], who report aboveground NPP 
versus LAI for the Otter transect in the Pacific Northwest 

(Oregon); and Saldarriaga and Luxrnoore [1991], who show NPP 
(aboveground and coarse root) versus LAI tbr a tropical rainforest 
age sequence in Amazonia. While it is apparent that IBIS 
simulations and measurement data compare quite well for several 
ecosystems, some rather interesting patterns associated with the 
measured data are worth noting. In particular, in both the Runyon 
et al. [1994] and Saldarriaga and Luxrnoore [1991] 
measurements, data coincide with the general IBIS relationship 
until reaching a LAI between 4.0-5.0 (generally when canopy 
closure occurs in a canopy with randomly distributed foliage 
elements). However, after canopy closure, NPP per unit LAI 
declines significantly (Figure 5), which may be related to a 
decline in NPP occurring with increasing stand age. The 
interesting relationships between NPP and LAI in both model 
results and measurements deserve more investigation in future 
studies. 

IBIS assumes that foliage in any grid cell (canopy) has a 
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Plate 3. Distribution of simulated biomass (kg C m -2) of (a) trees and (b) grasses and shrubs. (c) Simulated mean 
carbon residence time (years) in biomass computed as the total vegetation biomass divided by annual NPP. 
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Table 5. Simulated Annual Average Living Fine Root Biomass Compared to Data Compiled by dackson et al., [1996] 
on a Biome-by-Biome Basis 

IBIS Biome IBIS, dackson et al., [1996], Obs 
kg C m '2 kg C m '2 

Tropical evergreen forest 0.178 (0.035) 0.161 12 
Tropical deciduous forest 0.110 (0.031) 0.137 6 
Temperate broadleaf evergreen forest 0.164 (0.047) ...... 
Temperate needleleaf evergreen forest 0.199 (0.039) 0.244 10 
Temperate deciduous forest 0.163 (0.032) 0.214 14 
Boreal evergreen forest 0.127 (0.034) 0.112 5 a 
Boreal deciduous forest 0.080 (0.024) 0.112 5 a 
Evergreen/deciduous mixed forest 0.143 (0.040) ...... 
Savanna 0.133 (0.080) 0.249 5 • 
Grassland/steppe 0.135 (0.075) 0.464 21 c 
Dense shrubland 0.075 (0.032) 0.136 6 a 
Open shrubland 0.034 (0.022) ...... 
Tundra 0.096 (0.031) 0.166 5 
Desert 0.004 (0.007) 0.063 4 
Polar desert/rock/ice 0.007 (0.005) ...... 

The column "Obs" denotes the number of field measurements used to perform averaging for those biomes. The 
average and +/- 1 s.d. are shown for IBIS output. Missing data (dashes) denote no measurements made in locations 
falling within those biome classifications. The average and standard deviations for model output reflect variations 
occurring within each specific biome over the 30-year period (years 1965-1994) and are not intended to show year- 
to-year differences. 

a No distinction is made by dackson et al. [ 1996] between boreal deciduous and conifers. 
b IBIS savanna biome is compared to tropical grassland biome by dackson et al. [ 1996]. 
c IBIS grassland/steppe biome is compared to temperate grassland biome by dackson et al. [ 1996]. 
a IBIS dense shrubland category is compared to sclerophyllous shrubs and trees by dackson et al. [ 1996]. 

random distribution, thus the clumping of foliage that generally 
occurs in boreal forests and influences radiation penetration is 
ignored [Kucharik et al., 1997; Chen et al., 1997]. This is a 
significant limitation to many ecosystem models. For example, in 
some black spruce forests of central Canada, forests stands with 
LA! greater than 4.0 only achieve 60-70% canopy closure due to 
clumping [Kucharik et al., 1999]. Future ecosystem models 
should explicitly consider clumping within the canopy. 

4.5. Vegetation Structure 

It is often convenient to categorize global patterns of 
vegetation structure into a simple list of vegetation types (Plate 
4c); this allows for an easily interpreted, visual inspection of 
global vegetation geography. However, while these global 
vegetation maps are qualitatively useful, it is difficult to 
meaningfully compare simulated and observed maps of global 
vegetation patterns. Many of the differences are largely the result 
of differences in the definition of vegetation types. For example, 
there are significant semantic problems in defining many 
vegetation types, including savannas versus grasslands, dense 
shrublands versus open shrublands, and mixed forests. A 
comparison (not shown) of ground-based and satellite-based 
vegetation maps [e.g., Ramankutty and Foley, 1999; DeFries et 
al., 1998; Haxeltine and Prentice, 1996; Matthews, 1983; Olson, 
1983] suggests that there are major differences between existing 
maps of global vegetation patterns, thereby complicating direct 
model-to-data comparisons. 

A more meaningful way to evaluate simulations of global 
vegetation structure would be to directly compare vegetation 
structural attributes with satellite-based measurements. For 

example, DeFries et al. [1999] have produced a satellite-based 
data set which delineates the fraction of vegetation cover in 
evergreen broadleaf trees, evergreen conifer trees, deciduous 
broadleaf trees, deciduous conifer trees, herbaceous plants, and 
bare ground. This data set is directly comparable to our 
simulation of vegetation structure, without any semantic 
differences in the description of vegetation cover. However, 
satellite-based maps represent current vegetation not potential 
vegetation. Future satellite-based altimetry measurements of 
vegetation height and biomass could also provide a powerful data 
set for validating global vegetation models. 

To more quantitatively describe the global patterns of 
vegetation structure, we calculate the fractional cover of 
evergreen trees, deciduous trees, grasses and shrubs, and bare 
ground (Plate 5). This quantity is defined by the fully projected 
foliage cover, approximated by 1 --exp(-0.5eLAJ, where 0.5 is 
the canopy extinction coefficient. This equation is also directly 
related to the PAR intercepted by the canopy. The fractional 
cover for evergreen trees is highest (>90%) in the tropical areas of 
South America, Africa, and Southeast Asia (Plate 5a). These 
areas, not surprisingly, have correspondingly high LAI values (> 
4.0; Plate 4a) typical of closed forest canopies. Evergreen trees 
also comprise the majority of the vegetation cover (60-90%) in 
forested areas of northern Europe through west central Russia, 
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Figure 5. Biome averages of NPP (total) and LAI for IBIS plotted against measurements of NPP and LAI acquired 
from the following sources: Fassnacht and Gower, [1997] (evergreen needleleaf, broadleaf deciduous, and mixed 
forests in northem Wisconsin- only aboveground NPP is accounted for, F & G [1997] in figure legend); Runyon et 
al. [1994] for the Pacific Northwest United States (Oregon) (only aboveground NPP was measured); various 
measurements of total NPP (aboveground, fine, and coarse root) and LAI in tropical rainforest locations; and a 
tropical rainforest age sequence in Amazonia [Saldarriaga and Luxmoore, 1991], where data include both 
aboveground and course root NPP but exclude fine root NPP (S & L [ 1991 ] in figure legend). 

14 

east central Canada, and the northwestern United States and 
British Columbia (Plate 5a). 

Forested areas of the eastern United States and central and 

southern Europe generally have lower vegetative cover comprised 
of evergreen trees (10-30%). Deciduous trees form a majority of 
the vegetative cover in the forested areas of the United States east 
of the Mississippi River, and in central and southern Europe, 
which are all areas that experience temperate climates (Plate 5b). 
Some minimal cover of deciduous trees (10-30%) (e.g., aspen, 
birch, balsam poplar) is also present in the boreal forest regions of 
central Manitoba, Saskatchewan, and Alberta. Some dominance 
(30-40%) of deciduous trees is also apparent in the periphery of 
tropical forests in both South America and central Africa. 

Plate 5c shows the simulated fractional vegetation cover for 
both grasses and shrubs. Greater than 80% fractional cover 
generally exists in the grassland and savanna regions of southern 
South America, southern and north central Africa, India, interior 

Australia, and the Great Plains region of the United States. These 
regions, similar to those high fractional cover areas for forests, 
have higher LAIs (> 5; Plate 4b). The northem boreal and tundra 
regions of Canada and Asia are much more open canopies due to 
colder and drier climates, and only have 40-70% vegetative cover, 
which corresponds to LAI typically < 3.0 (Plate 4b). 

4.6. Soil Organic Matter and Litter 

The global total amount of soil carbon (not counting litter) to 1 
m depth is simulated to be 1408 Gt C (Table 4). This calibrated 
value falls within the range (1200-1600 Gt C) reported from 
compilations of soil carbon data reported in the literature [Post et 
al., 1982; Zinke et al., 1986; Schlesinger, 1991; Eswaran et al., 
1993; Sombroek et al., 1993; Batjes, 1996]. However, it has been 
suggested that these numbers might be an underestimate due to 
additional organic carbon stored in the upper permafrost layers in 
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Figure 6. Biome averages and +/- 1 s.d. of simulated total soil carbon density (kg C m -2) to a depth of 1 m 
compared with data compiled by IGBP-DIS [ 1999]. The average and standard deviations reflect variations occurring 
within each specific biome over the 30-year period (years 1965-1994) in model output and for measurement data, 
respectively. The averages and standard deviations shown for model output are not intended to show year-to-year 
differences. 

some tundra and boreal ecosystems that has not been accounted 
for [Michaelson et al., 1996]. 

The spatial variation in soil organic carbon is shown in Plate 
6a. For individual 113 x 113 grid cells, total soil carbon ranges from 
0.1 kg C m '2 to 53.1 kg C m '2. Tundra and boreal deciduous 
biomes have the highest biome-average carbon densities, 30.1 and 
24.4 kg C m '2, respectively, while desert ecosystems have an 
average of only 0.4 kg C m '2 (Table 4). The average soil carbon 
density in the tropical evergreen forests is approximately 9.5 kg C 
m '2 (Table 4). 

Recently, a global compilation of more than a thousand soil 
profiles with organic carbon content measurements (and other 
relevant data) was used to construct a map of soil carbon density 
to a 1 m depth (Plate 6b) [Scholes et al., 1995,' IGBP-DIS, 1999]. 
This global pedon database is based on the WISE database 
developed by the International Soil Reference and Information 
Centre (ISRIC) in Wageningen, Netherlands [Scholes et al., 
1995]. Here we compare simulated soil carbon densities to these 
data (Figure 6). Biome averages and standard deviations for the 
IGBP-DIS data were constructed by assigning each grid cell in the 
data set (using 113 resolution) to the corresponding IBIS vegetation 
classification for that grid cell. Generally, good agreement exists 
for most vegetation classes with the exception of desert and polar 
desert regions (Figure 6). As is the case with NPP measurements, 
soil profiles are plot-scale measurements characterized by extreme 
variability, while IBIS simulates the average soil carbon density 

over an entire, homogeneous, 113 grid cell. It is also possible that 
the IBIS vegetation type simulated for a particular grid cell is not 
characteristic of the actual vegetation. This obviously can 
contribute to the observed differences between model and data. 

The global pattern of total standing aboveground litter carbon 
is shown in Plate 6c. Generally, as is the case with soil carbon 
storage, high latitudes generally have a larger accumulation of 
litter carbon even though annual values of NPP are low compared 
to tropical areas. Because the decomposition of carbon is highly 
dependent on soil temperature and soil moisture, high latitudes 
have a slower rate of carbon decay, causing a larger buildup of 
carbon even though NPP is low in these regions [Landsberg and 
Gower, 1997]. 

The total amount of carbon stored in the aboveground litter 
pool simulated by IBIS is 65.0 Gt C (including woody and 
nonwoody tissues), while the amount of dead fine root carbon 
stored is 22 Gt C. Matthews [1997] analyzed both measurements 
and modeling of detritus production to estimate global litter pools 
and estimated the aboveground fine litter (nonwoody) pool to be 
approximately 68 Gt C, with a possible 75 Gt C contained in 
coarse woody debris (CWD). Mark Harmon (personal 
communication, 1998) estimates global CWD carbon storage to 
be 55-60 Gt, with an additional 20-25 Gt in fine surface litter. 
IBIS output compares favorably with the total carbon storage 
estimates of Harmon (75-85 Gt) but is roughly half of the value 
reported by Matthews [1997]. 
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For individual grid cells, the simulated aboveground litter 
carbon ranges from 0.01 to 2.9 kg C m '2 (Plate 6c). On a biome- 
by-biome basis, desert biomes have the lowest annual average at 
0.01 kg C m '2, and boreal deciduous forests having the highest 
density of aboveground litter, near 1.3 kg C m -2 (Table 4). 
Belowground litter carbon storage of decomposing fine roots 
ranged from a high of 1.3 kg C m '2 in boreal regions to a low of 
0.01 kg C m -2 in desert regions. Tundra regions, on average, have 
the highest equilibrium storage of dead fine root carbon, roughly 
0.7 kg C m '2. 

Plate 6d shows the mean residence time of carbon in litter and 

soil organic matter, estimated as the ratio of the equilibrium total 
of litter and soil carbon to NPP. The spatial pattern of residence 
time shows that climates with colder temperatures and less 
precipitation (mainly higher elevation areas and northern 
latitudes) have mean carbon residence times in the soil and litter 
between 50-100 years. A few specific biome averages are 81 
years in boreal deciduous and 57 years in open shrublands (Table 
4). Temperate ecosystems found in central Europe, the 
Mediterranean region, and parts of central North America and 
Australia have median residence times around 15-25 years (Table 
4). Tropical areas, which characteristically have the highest 
biomass, LAI, and NPP might deposit the most detritus to the soil 
through litterfall, but the warm, moist climate of these regions 
causes rapid decomposition of carbon in the model. These 
regions generally have carbon residence times in soil and litter 
less than 20 years on average, with specific biome averages of 
11.4 and 16.5 years for tropical evergreen and deciduous forests, 
respectively (Table 4). 

4.7. Microbial Biomass 

A key component of the IBIS biogeochemistry model is the 
living microbial biomass pool. The decomposition of all litterfall 
and fine root turnover and more recalcitrant soil carbon takes 

place through the microbial assimilation of these materials. In 
general, microbes have a much stronger affinity for labile carbon 
(recently added litterfall) than recalcitrant soil carbon [Landsberg 
and Gower, 1997]. As a result, microbial biomass growth and 
overall density are somewhat correlated to patterns of NPP 
(litterfall) [Zak et al., 1994] and total soil carbon storage. IBIS is 
constructed in such a manner that the growth of microbial biomass 
is directly related to the amount of available substrate and directly 
influenced by the soil environment affecting the activity of the 
microbial biomass. 

The global distribution of simulated microbial biomass ranges 
from 0.01 kg C m '2 in unproductive dese• regions of Africa arid 
the western United States to 0.49 kg C ni '2 in tropical evergreen 
forests (Plate 7a). Generally, these quantities are similar to values 
reported by Landsberg and Gower [1997] for different biomes. 
Moreover, measurements of microbial biomass made in natural 
prairie systems in Wisconsin during late-spring and early summer 
[ Wagai et al., 1998; Kucharik et al., submitted manuscript, 1999], 
which averaged around 0.25-C..50 kg C m -2, also compare 
reasonably well with IBIS moclel output for the Midwest United 
States. On a biome-by-biome basis, temperate evergreen 
broadleaf forests have the highest annual average density, around 
0.24 kg C m-2, with tropical forests between 0.12-0.20 kg C m -2 
(Table 4). We note that the annual variations in microbial 
biomass, which are correlated to the timing of litt/•rfall and soil 
environmental conditions (temperature and moisture) that affect 

the decay rate of carbon, are significant and are simulated by the 
model. The amount of microbial biomass can fluctuate by a factor 
of 2 during the year in many global ecosystems [Kucharik eta!., 
submitted manuscript, 1999]. 

4.8. Soil Respiration and Net Ecosystem Exchange 

The efflux of carbon from the soil in IBIS is the sum of two 

processes: fine root respiration (autotrophic respiration required 
for maintenance) and carbon that is respired by the microbial 
biomass (heterotrophic respiration) during its oxidation of the soil 
organic matter. The exchange of CO2 between the soil and the 
atmosphere is the second largest term of some forest carbon 
budgets, next to gross canopy photosynthesis [Raich and 
Schlesinger, 1992]. Because climate affects the soil temperature 
and moisture conditions and the functioning of microbes, climate 
is a controlling factor in the production of soil CO2 flux 
[Landsberg and Gower, 1997]. Furthermore, strong positive 
correlations have been shown to exist between NPP and soil 

carbon efflux [Raich and Schlesinger, 1992]. 
Soil CO2 fluxes generally increase from colder to warmer 

latitudes and are highest in biomes that have the highest simulated 
NPP values (Plate 7b). Quantities of the annual soil carbon flux 
range from near zero in desert and other unproductive regions of 
the globe to a high of 1.9 kg C m '2 in tropical rainforests. The 
distribution of soil carbon flux shows a strong correlation to the 
spatial distribution of simulated NPP (Plate 2a). The highest 
biome average occurred in tropical evergreen forests, which have 
an average annual flux of about 1.15 kg C m '2 (Table 4). The 
global annual average soil CO2 respiration is 70.2 Gt, which is 
about 30% higher than global NPP (54.3 Gt). These values are 
consistent with other estimates of the global total soil carbon flux 
[Raicb and Schlesinger, 1992]. 

For the purpose of evaluating model simulations of soil CO2 
flux, we used the data set of soil carbon flux measurements 
compiled by Raich and Schlesinger [1992]. Measurement 
locations were correlated with the specific IBIS simulated 
vegetation class so that biome averages and standard deviations of 
the measurement data could be compared with IBIS results. 
Unfortunately, not all of the IBIS biomes had representative 
measurements to compare to (Table 6). Some obvious patterns 
emerge; namely, IBIS slightly underestimates measured soil CO2 
flux in tropical evergreen and temperate broadleaf evergreen 
biomes and overestimates measured fluxes in other temperate and 
boreal ecosystems (Table 6). Furthermore, the standard 
deviations of measurements made in some biomes are larger than 
the variation simulated by IBIS. 

Soil-surface CO2 flux and the partitioning of the flux into 
separate contributions of roots and microbes is quite difficult to 
measure because of substantial errors associated with various 

methods of measurement, a high degree of spatial variability, and 
dependence on soil environment and nutrient characteristics 
[Norman et al., 1992, 1997]. One particular problem is thought to 
exist with the data set of Raich and Schlesinger [1992]; namely 
most of the measurements were probably made using a static 
alkali absorption technique [Raicb and Nadelhoffer, 1989], which 
underestimates soil CO2 flux, especially at higher rates [Ewel et 
al., 1987; Haynes and Gower, 1995; Norman et al., 1997]. Thus 
we can only suggest that IBIS does an adequate job of simulating 
the exchange of CO2 between the soil-surface and the atmosphere 
based on the limited data we have for comparison. 
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Table 6. Comparison of IBIS Simulated Annual Average and Standard Deviation of Soil CO2 Flux With 
Point-Measurement Data Compiled by Raich and Schlesinger [1992] (R&S). 

IBIS Biome IBIS, R & S, Obs 
kg C m -2 yr -• kg C m '2 yr '• 

Tropical evergreen forest 1.15 (0.202) 1.28 (0.20) 10 
Tropical deciduous forest 0.69 (0.144) 0.47 (0.09) 1 
Temperate broadleaf evergreen forest 0.96 (0.256) 1.36 (0.64) 4 
Temperate conifer evergreen forest 0.71 (0.126) 0.37 (0.19) 9 
Temperate deciduous forest 0.66 (0.139) 0.53 (0.27) 61 
Boreal evergreen forest 0.37 (0.103) 0.16 (0.08) 18 
Boreal deciduous forest 0.29 (0.074) ...... 
Evergreen/deciduous mixed forest 0.50 (0.181) 0.72 (0.36) 11 
Savanna 0.61 (0.244) 0.80 (0.20) 1 
Grassland/steppe 0.53 (0.252) 0.48 (0.15) 6 
Dense shrubland 0.27 (0.111 ) 0.16 (0.03) 1 
Open shrubland 0.15 (0.096) 0.22 (0.05) 2 
Tundra 0.24 (0.098) 0.15 (0.15) 13 
Desert 0.02 (0.029) 0.711 (0.11) 3 
Polar desert/rock/ice 0.02 (0.017) ...... 

Standard deviation +/- 1 is shown. The column denoted "Obs" is the number of field measurements that were 

categorized into each IBIS biome. The average and standard deviation reported for Raich and Schlesinger [1992] 
are classified into IBIS biome categories based on the actual measurement location (latitude, longitude). Missing 
data (dashes) denote no measurements made in locations falling within those IBIS biome classifications. The 
average and standard deviations for model output reflect variations occurring within each specific biome over the 
30-year period (years 1965-1994) and are not intended to show year-to-year differences. 

However, there are some limitations to IBIS that can also help during the winter season in temperate climates, the root 
explain departure from field measurements. First, soil profiles of contribution to total carbon respired increases significantly as 
02 and CO2, which are influenced by gaseous diffusion and the 
vertical movement of soil air, are not accounted for in IBIS [Fang 
and Moncrieff, 1999]. The gaseous environment (e.g., 
concentrations of both O2 and CO2) surrounding microbes might 
be viewed as being as important as soil moisture and temperature 
in influencing microbial activity. Furthermore, other factors not 
parameterized in IBIS such as soil pH, the type of microbial 
fauna, and presence of heavy metals can also effect CO2 
production [Fang and Moncrieff, 1999]. Moreover, the 
oversimplification of fine root dynamics in IBIS could also 
contribute to errors in annual estimates of soil CO2 flux. Because 

the IBIS fine root respiration is controlled by soil temperature, 
any errors in describing the annual cycle and timing of fine root 
turnover could potentially yield significant errors in soil CO2 
production. 

Landsberg and Gower [1997] report that the average fraction 
of root respiration to total CO2 flux is about 0.45 but is highly 
variable (even within the same forest type), ranging from 0.22- 
0.62. These values are highly dependent on what time of year the 
measurements were taken. Figure 7 shows the annual average 
contribution of fine roots to total soil CO2 flux in IBIS. These 

values range from 0.16 in boreal deciduous forests to 0.51 in 
grassland/steppe biomes, with the average near 0.30. We note 
that the ratio of root to total carbon respired is highly variable 
during the year when compared to the annual average. In 
grassland ecosystems during peak growth periods, the root to total 
CO2 flux ratio in IBIS can approach 0.70, for example. Field 
measurements of the partitioning are generally only performed 
during a few periods or days during the year and might have been 
measured during the peak of the growing season. Furthermore, 

microbial activity declines [Winston et al. 1997]. 
The annual net ecosystem exchange (NEE) of carbon is defined 

as NPP minus heterotrophic respiration; this quantity is used in 
modeling studies and field experiments to help determine if 
terrestrial ecosystems are contributing to or mitigating the 
observed rise in atmospheric CO2. Many modeling studies 
diagnose the future state of the global terrestrial carbon cycle 
under future atmospheric CO2 concentrations and climate 
scenarios at regional and global scales. Here we present the 
annual average NEE over the 30-year period from 1965-1994, 
which reflects a period of increasing atmospheric CO2 
concentration, and transient climate changes. Model simulations 
show that grasslands, savannas, open shrublands, and deserts all 
have negative NEE, meaning these ecosystems are net sources of 
carbon to the atmosphere, with a range in fluxes between 13-40 g 
C m -2 yr -•. The remaining IBIS biomes are sequestering carbon 
during this time (Table 4), with the highest biome average 
occurring in tropical deciduous forests, where carbon was being 
sequestered at a rate of 53 g C m -2 yr -•. We note that the annual 
average global total NEE during 1965-1994 (2.3 Gt C) is 
approximately equal to reports from the IPCC which estimate a 
present-day 2 Gt yr -• terrestrial carbon sink (Schimel, 1995; 
Steffen et al., 1998). 

5. Summary and Conclusions 

In this study, we present a new version of the IBIS global 
biosphere model. IBIS-2 has improved canopy physiology 
formulations, additional plant functional types, more realistic 
carbon allocation coefficients, and improved parameterizations of 
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Figure 7. Biome averages and +/- 1 s.d. of the ratio of simulated annual average fine root respiration to total soil 
carbon respiration. The average and standard deviations reflect variations occurring within each specific biome over 
the 30-year period (years 1965-1994) and are not intended to show year-to-year differences. 

vegetation dynamics and plant phenology. Moreover, the addition 
of a comprehensive belowground biogeochemistry submodel now 
allows for the description of belowground biogeochemical 
processes and simulates the flow of carbon between vegetation, 
detritus, and the soil organic matter. 

While global-scale ecosystem models are becoming 
increasingly sophisticated, they still suffer from a severe lack of 
rigorous testing and evaluation. Thankfully, this situation is 
starting to change. For example, many models are now being 
compared to detailed biophysical measurements obtained at 
individual field sites. However, for global- and regional-scale 
ecosystem models, it is necessary to make these comparisons 
across a wide range of climate and ecosystem types [e.g., Delire 
and Foley, 1999]. Unfortunately, many ecosystem types 
(including both natural and managed systems) have not yet been 
observed with sophisticated eddy-flux measurement systems. 

In two parallel studies designed to test the biophysical, 
hydrological, and biogeochemical processes simulated in IBIS-2, 
the model has been tested against several unique sets of detailed 
measurements [Delire and Foley, 1999; Kucharik et al., submitted 
manuscript, 1999]. In the Delire and Foley [1999] study, field 
measurements of soil moisture and temperature and surface 
energy and carbon fluxes were compared with model simulations 
for five ecosystems: a soybean crop (HAPEX-Mobilhy), meadow 
(Cabauw, Netherlands), grassland (Valdai, Russia), prairie (FIFE, 
Konza prairie, Kansas) and tropical rainforest (ABRACOS, 
Brazil). In the Kucharik et al. [submitted manuscript, 1999] 

study, field measurements of microbial biomass, soil carbon 
density, soil CO2 flux, and nitrogen mineralization and leaching in 
agroecosystems under different management practices in the 
upper Midwest were compared to output generated by IBIS-2. 
From these two independent studies, we conclude that IBIS-2 is 
able to accurately simulate biophysical, hydrologic, and 
b iogeochemical processes occurring at contrasting sites. 

Even a much more extensive set of detailed site-specific 
biophysical measurements from across the globe would not be 
completely sufficient to evaluate global ecosystem models. It is 
also necessary to consider more fundamental ecosystem 
properties, which include aboveground and belowground biomass, 
leaf area index, net primary production, litter carbon, and soil 
carbon. These quantities generally define the productivity, 
longevity, and physical stature of global ecosystems. A much 
more complete description of terrestrial ecosystem processes can 
be obtained by combining detailed biophysical measurements of 
canopy gas-exchange processes with spatially extensive 
measurements of basic ecosystem properties and biogeochemical 
stocks. Fortunately, more comprehensive compilations of these 
data are being developed by a number of research groups and 
international organizations. 

In this study, we use several global-scale compilations of basic 
ecological and biogeochemical measurements that are now 
becoming available. Even though most of these data compilations 
are not fully comprehensive in nature because they do not 
describe each square kilometer of the Earth s surface, they are still 
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extremely valuable to our model evaluation process. Using these 
data, our model evaluation shows that simulated patterns of NPP, 
biomass, and leaf area index are comparable to other global model 
results and agree reasonably well with measurements that have 
been compiled from numerous ecosystems. We also find our 
simulations of total soil carbon, accumulated litter at the soil 

surface, microbial biomass, and total soil CO2 flux compare 
favorably with various data available both in the literature and in 
global data compilations. 

Generally speaking, it appears that IBIS-2 is able to represent a 
wide range of ecosystem processes occurring at both local [Delire 
and Foley, 1999,' Kucharik et al., submitted manuscript, 1999] 
and global scales. While our evaluation of IBIS-2 represents the 
most exhaustive test of global ecosystem models performed to 
date, it is important to note the limitations of this work. For 
example, our ability to test global ecosystem models against 
measurements is still hampered by the scarcity of measurements 
from key biomes and the extreme spatial variability of the 
measurements (which are difficult to compare to homogeneous 
model grid cells). Furthermore, we are still limited by the highly 
biased nature of temporal sampling that is typical of biophysical 
and ecological measurements. The timing of ecological 
measurements is critical for model comparisons when dealing 
with highly dynamic quantities such as standing litter, living fine 
root biomass, microbial biomass, and the contribution of fine 
roots to the total soil CO2 efflux. 

We believe that future developments in global-scale terrestrial 
ecosystem modeling must focus on two major objectives. First, 
global ecosystem models must be much more rigorously tested 
against a suite of site-specific (e.g., flux tower measurements of 
carbon, water, and energy exchange) and spatially extensive data 
(e.g., compilations of field-based and satellite-based 
measurements that characterize the basic structure of vegetation 
and other carbon stocks). Second, global ecosystem models need 
to seriously address important aspects of the Earth s biosphere 
such as the effects of natural disturbance (e.g., fire, herbivory, and 
windthrow) and human land use activities [e.g., Ramankutty and 
Foley, 1998]. 

Note 

The IBIS-2 code is written in Fortran 77, and has been 
implemented on a variety of Unix-based computing platforms. 
The code and many of the associated datasets are freely available. 
For more information, please contact the authors or refer to our 
web site (http://cpep.aos.wisc.edu). 
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