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BIOME3: An equilibrium terrestrial biosphere model based
on ecophysiological constraints, resource availability, and
competition among plant functional types
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Abstract. The equilibrium terrestrial biosphere model BIOME3 simulates vegetation distribution
and biogeochemistry, and couples vegetation distribution directly to biogeochemistry. Model inputs
consist of latitude, soil texture class, and monthly climate (temperature, precipitation, and sunshine)
data on a 0.5° grid. Ecophysiological constraints determine which plant functional types (PFTs)
may potentially occur. A coupled carbon and water flux model is then used to calculate, for each
PFT, the leaf area index (LAI) that maximizes net primary production (NPP), subject to the
constraint that NPP must be sufficient to maintain this LAI. Competition between PFTs is simulated
by using the optimal NPP of each PFT as an index of competitiveness, with additional rules to
approximate the dynamic equilibrium between natural disturbance and succession driven by light
competition. Model output consists of a quantitative vegetation state description in terms of the
dominant PFT, secondary PFTs present, and the total LAI and NPP for the ecosystem. Canopy
conductance is treated as a function of the calculated optimal photosynthetic rate and water stress.
Regional evapotranspiration is calculated as a function of canopy conductance, equilibrium
evapotranspiration rate, and soil moisture using a simple planetary boundary layer parameterization.
This scheme results in a two-way coupling of the carbon and water fluxes through canopy
conductance, allowing simulation of the response of photosynthesis, stomatal conductance, and leaf
area to environmental factors including atmospheric CO,. Comparison with the mapped
distribution of global vegetation shows that the model successfully reproduces the broad-scale
patterns in potential natural vegetation distribution. Comparison with NPP measurements, and with
an FPAR (fractional absorbed photosynthetically active radiation) climatology based on remotely
sensed greenness measurements, provides further checks on the model’s internal logic. The model

is envisaged as a tool for integrated analysis of the impacts of changes in climate and CO; on

ecosystem structure and function.

1. Introduction

Prognostic models for the assessment of climate change im-
pacts on natural ecosystems have until now fallen into two distinct
classes. Biogeography models [e.g., Woodward, 1987; Neilson et
al., 1992; Neilson, 1995; Neilson and Marks, 1994; Prentice et al.,
1992] simulate the potential natural distribution of ecosystem
types as a function of climate and soils; biogeochemistry models
[e.g., Raich et al., 1991; McGuire et al., 1992; Mellilo et al., 1993:
Parton et al., 1993; Running and Coughlan, 1988; Running and
Gower, 1991; Warnant et al., 1994; Woodward et al., 1995; Foley,
1994] simulate biogeochemical fluxes through ecosystems given a
prescribed distribution of ecosystem types. However, it is now
widely acknowledged that any serious attempt to assess how glo-
bal change will affect natural ecosystems must include both
aspects [VEMAP Members, 1995]. BIOME3 represents an attempt
to combine the biogeography and biogeochemistry modeling ap-
proaches within a single global framework.
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The ecosystems of the world can be divided into a small set of
biomes (structural types) each characterized by the dominance of
one or more functional types of plant. Environmental conditions
(both the physical environment and other competing plant types)
control the geographical distribution of a dominant plant function-
al type (PFT). Environmental controls on the distribution of PFTs
may be categorized as ecophysiological constraints, resource
availability, and competition mediated by the physical
environment. Ecophysiological constraints on individual PFTs,
for example, cold tolerance and seasonality requirements [Wood-
ward, 1987], account for the gross qualitative features of biome
distribution. These constraints formed the basis of the BIOME
model of Prentice et al. [1992]. A small set of ecophysiological
constraints also forms the first stage of BIOME3. However, veg-
etation structure is determined not only by the types of plants
present but also by the height, foliage cover, and net primary pro-
duction (NPP) that they attain, and by the relative competitive
performance of different types in terms of these variables [Schulze,
1982]. Foliage cover, often expressed as leaf area index (LAI) and
NPP are constrained by resource availability (water, nutrients,
CO,, and light), and these constraints act differentially on different
PFTs affecting the outcome of competition among PFTs. For ex-
ample, in tropical climates the length of the dry season and total
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rainfall affect the competitive balance between evergreen and
drought-deciduous woody plants. In savannas, rainfall seasonality
and soil texture affect the competitive balance between woody
plants and grasses. In temperate climates, the length of the summer
growing season and severity of the winter affect the competitive
balance between evergreen and cold-deciduous trees. In grass-
lands, growing season temperatures and ambient CO, levels affect
the competitive balance between C4 and C; grasses. BIOME3
simulates the control of resource availability on vegetation struc-
ture by mechanistically modeling the performance of different
PFTs, including simulation of LAI and NPP. Environmental me-
diation of the competitive balance among plants types is modeled
through comparison of the NPP values simulated for different
PFTs. In this way, BIOMES3 is able to simulate these more quan-
titative aspects of ecosystem structure.

BIOMES3 is a development from a simpler prototype model
(BIOME?2), which was fully implemented only for Australia [Hax-
eltine et al., 1996] and the conterminous United States [VEMAP
Members, 1995]. Both BIOME2 and BIOME3 have been de-
signed parsimoniously in that the number of PFTs distinguished
and the complexity and detail of the biogeochemical and biophys-
ical calculations has been kept to the minimum needed to fulfil the
models primary objective of simulating large-scale vegetation pat-
terns on a mechanistic basis.

2. Model Description

The essential model logic is as follows. First, BIOME3 selects
from a global set of plant functional types (PFTs) the subset which
may potentially be present in a particular grid cell on the basis of a
small number of ecophysiological constraints. Using a coupled
carbon and water flux model and an optimization algorithm,
BIOMES then calculates the maximum sustainable leaf area index
(LAI) and net primary production (NPP) for each PFT. Competi-
tion among PFTs is simulated by using the optimal NPP of each
PFT as an index of competitiveness. A semi-empirical rule de-
signed to capture the opposing effects of succession driven by light
competition and natural disturbance by fire excludes grasses as a
dominant PFT if soil conditions are too wet. The PFT with the
highest NPP is selected as the dominant plant type, except where
grasses have been excluded. Model output consists of a quantita-
tive vegetation state description in terms of the dominant PFT,
secondary PFTs present, and the total LAI and NPP for the
ecosystem. This output can be classified into biome types for
comparison with vegetation maps.

The model is driven by monthly climate data. Mode] outputs are
therefore at a monthly or yearly time step. Photosynthesis and
canopy conductance are calculated at a monthly time step. The
water balance and phenology models, however, work on a daily
time step for reasons of numerical stability. Monthly temperature
and cloudiness data are interpolated linearly between midmonths
to yield quasi-daily values. Values for canopy conductance are
calculated daily and then averaged to produce values for averaged
midmonth days Output from the water balance and phenology
submodels are averaged to provide monthly average values for use
by the photosynthesis and canopy conductance submodels.

2.1. Selection of Potentially Present Plant Types

Prentice et al. [1992] summarized the different cold tolerance
mechanisms employed by woody plant forms and demonstrated

Table 1. Absolute Minimum Temperate (Tp,) Tolerances for
Each Woody Plant Type

Plant-Type Triin

Min Max
Tropical broad-leaved evergreen 0
Tropical broad-leaved raingreen 0
Temperate broad-leaved evergreen -10 0
Temperate/boreal evergreen conifer” —60 0
Temperate/boreal summergreen® 0

Where the table is blank a tolerance is not specified for that plant type.
* Needle-leaved.
® Broad-leaved or needle-leaved.

the importance of minimum temperatures in determining the world
distributions of different types of woody plants. Following Pren-
tice et al. [1992], each of the values in the first data column of
Table 1 represents an approximate point of failure for a different
cold tolerance mechanism, based mainly on observations summa-
rized by Woodward [1987]. BIOMES3 controls the distribution of
the plant functional types employing these different mechanisms
using data on absolute minimum temperature rather that by using
an approximate relationship to mean coldest-month temperatures
as in the model of Prentice et al. [1992]. The absolute minimum
temperature tolerances given in Table 1 are the same as those giv-
en in Table 2 of Prentice et al. [1992] except for the temperate
broad-leaved evergreen plant type (as it has no direct equivalent in
the work of Prentice et al. [1992]) for which a value was estimated
from Woodward {1987]. Chilling requirements are minimally rep-
resented by requiring an absolute minimum temperature below
0°C for temperate and boreal PFTs (Table 1). Prentice et al.
[1992] distinguished temperate summergreen trees from boreal
summergreen trees and temperate evergreen (coniferous) trees
from boreal evergreen (coniferous) trees. In BIOME3 these dis-
tinctions are made only at the mapping stage, because in principle
they do not affect the deciduous/evergreen competition. Applica-
tion of these temperature limits results in the selection of between
one and three potentially dominant woody PFTs.

2.2. Coupled Carbon and Water Flux Model

Photosynthesis. Photosynthesis is calculated as a function of
absorbed photosynthetically active radiation (APAR), tempera-
ture, atmospheric CO, concentration, day length, and canopy
conductance. Calculations are made for an averaged midmonth
day and multiplied by the number of days in the month. APAR is
calculated from the net photosynthetically active radiation (PAR)
multiplied by the fraction of incoming PAR intercepted by green
vegetation (FPAR). FPAR is calculated from the projected leaf
area index (LAI) using Beer’s law [Monsi and Saeki, 1953]:

FPAR = 1 —exp(— k LAI) )]

where k is an extinction coefficient. Measurements of k indicate
that it varies considerably among different species of plant and that
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Table 2. Values of Parameters and Constants Used in the Photo-
synthesis Model

Symbol  Value Units Oio Description

K. 30" Pa 2.1 Michaelis constant for
CcO,

K, 30* kPa 1.2 Michaelis constant for O,
T 2600 0.57 CO,/0, specificity ratio
oc3 0.08* C3 quantum efficiency

b3 0.015¢ Ry/V,, ratio for C; plants
AmCa 0.7¢ optimal c;/c, for C plants
Oce 0.053¢ C4 quantum efficiency
by 0.035 Ry/V, ratio for C4 plants
AwCa 0.4 optimal cy/c, for C4 plants
Oy 0.5 scaling parameter for o

Ca 340 pmol mol! ambient mole fraction CO;
P 100 kPa atmospheric pressure

(o) 20.9 kPa partial pressure O;

Cinuss 12 g mol™ molar mass of carbon

k 0.5° extinction coefficient

0 0.7¢ co-limitation parameter

! Collatz et al. [1991].

® Brooks and Farquhar [1985].

° Farquhar et al. [1980].

9 Wong et al. [1979].

¢ Ehleringer and Bjorkman [1977].
f Woodward [1987].

8 McMurtrie and Wang [1993].

it is also dependant on sun angle [Larcher, 1983]. Here we use an
average value of k (Table 2) appropriate for modeling photosyn-
thesis at large scales [Woodward, 1987]. The net PAR flux is
calculated from latitude, temperature, and sunshine hours data us-
ing an algorithm fully described in the appendix. Canopy con-
ductance is calculated as a function of potential photosynthesis
rate and water stress through coupling with the water flux model.
Water stress is assumed to reduce photosynthesis through a reduc-
tion in canopy conductance. The mechanism of this reduction is
not treated explicitly.

The photosynthesis scheme is based upon the Farquhar photo-
synthesis model as simplified by Collatz et al. [1991]. However,
instead of prescribing values for the Rubisco capacity (V,,), we use
an optimization algorithm to predict, for each month, the value of
V. that gives the maximum (non-water-stressed) daily rate of net
photosynthesis. This algorithm is based upon very extensive evi-
dence, summarized by Haxeltine and Prentice {1996], for the
hypothesis that the N content and Rubisco activity of leaves vary
both seasonally and with canopy position in such a way as to max-
imize net photosynthesis. Here leaf nitrogen content is not
modeled explicitly; instead, the optimization is carried out directly
on the Rubisco activity of leaves. The optimization depends on the
fact that both the maximum rate of gross photosynthesis and the
leaf respiration rate increase with the activity of photosynthetic
enzymes (most importantly Rubisco) in the chloroplasts. This re-
sults in a trade-off: a high net photosynthesis rate at high PAR can
be achieved by having a high Rubisco activity, but this also implies

a low, or negative, net photosynthesis rate at low PAR. Thus, for
any PAR level there is an optimal photosynthetic enzyme activity
that produces maximum net photosynthesis.

The resulting scheme has the important feature that it predicts
lightuse efficiencies that are independent of PAR. Haxeltine and
Prentice [1996] showed that this scheme estimates lightuse effi-
ciencies consistent with those measured in crop ecosystems but up
to double those measured in natural ecosystems. They hypothe-
sized that this is because lightuse efficiencies and photosynthesis
rates are reduced in natural ecosystems by temperature, water, and
nutrient stresses.

Here we summarize the photosynthesis scheme, for which Hax-
eltine and Prentice [1996] give a full rationale. Daily net photo-
synthesis is calculated using a standard nonrectangular hyperbola
formulation, which gives a gradual transition between two limiting
rates: Jg, describing the response of photosynthesis to APAR; and
J¢, describing the Rubisco limited rate of photosynthesis [Collatz
et al., 1991; Haxeltine and Prentice, 1996]

Awt = e +Jc—{Ue+ o) -4 JgJc 1*1/(20) - Ry @

where
Je = Clc; APAR 3)
Clcs = ©; Prc3 Crass O O3 [(pi =) / (pi + T 4
Jo = C2c3 Vi (5)
C2c3 = (pi—T)/ {pi+ K:(1+[0:]/ Ko)} (6)

where A, is the daily net photosynthesis (g C d™' m™) and Ry is the
daily leaf respiration rate (g C d"' m?). APAR is the daily total
absorbed PAR (mol d"! m'2), and o is the intrinsic quantum effi-
ciency for CO, uptake as measured in laboratory studies. The
empirical parameter o, accounts for reductions in PAR utilization
efficiencies in natural ecosystems, and is assigned a value of 0.5
based on data summarized by Landsberg [1986] on quantum effi-
ciencies from field and laboratory measurements. Cpgg iS the
molar mass of carbon, and p; is the internal partial pressure of CO,,
given by

Pi =Ap, Q)

where p, is the ambient partial pressure of CO;and A is a
parameter. Many observations have shown that, for C; species
under non-water-stressed conditions, stomata respond in a way
that maintains a constant ratio of intercellular (p;) to ambient (p,)
CO;, partial pressure of 0.6-0.8 [Wong et al., 1979; Long and
Hutchin, 1991]. We therefore set A equal to a maximum value
(Amc3=0.7) under non-water-stressed conditions. I's is the CO,
compensation point given by

I = [05]/2t ®)

where [O,] is the partial pressure of oxygen. K, K,, and T are
kinetic parameters whose temperature dependence is modeled us-
ing a Qg relationship. The empirical parameter 8 describes the
transition between the two limiting rates Jg and J¢, and may be
determined experimentally. The inhibition function ®yc; models
the effect of low temperatures on C; photosynthesis:

®rc3 = {1 +exp[0.2 (10 - T} 9)



696

where T, is the monthly temperature (in degrees Celsius). The
function was adjusted so as to approximate the response of Cj
photosynthesis to low temperatures [Berry and Bjorkman, 1980].
@, is a PFT specific parameter (Table 4) to account for the obser-
vation that maximum rates of photosynthesis for conifer needles
decrease with increasing needle age. Leaf respiration (Rgin g C d’
m'2) was scaled to V,,, as

Ry = bc3 Vi (10)

where bc3=0.015 [Farquhar et al., 1980]. The values of all pa-
rameters and constants used in the photosynthesis model are given
in Table 2.

The model calculates the value of V,, which gives the maximum
daily rate of net photosynthesis. This optimal value for V,, is cal-
culated by optimizing (2) using the constraint dA¢/dV,=0, result-
ing in the following equation for V,, (g Cd"' m?):

Vi = (1/ be3) (Clcs! C2¢3) [(20 — 1)s — (285 — C2¢c3)0 ] APAR

1n
6 = [1-(C2c3-s5)/(C2c3 - O5)]" (12)
s = (241d,) bcs (13)

where d, is the day length in hours, calculated as desctibed in the
appendix.

A model for C, photosynthesis was adapted from Collatz et al.
[1992] using the same optimization procedure. For C4 photosyn-
thesis the functions Clc; and C2cs are replaced by Clcs and C2¢y
which are calculated as

(14)
(15)

where 0lcy is the intrinsic quantum efficiency for C4 photosynthe-
sis, and @y and Prcy are scalars which reduce the C4 photosyn-
thesis rate below its optimal value. ®; captures the effect of
reduced p; on C, photosynthesis:

CIC4 (Dpi <I)'1'C4 Cmass 0l Olcy

C2cs =1

Dy = A/ Amca (16)

where Amcq is the value of A which C, plants maintain under non-
water-stressed conditions. ®rcq accounts for the approximate re-
sponse of C, plants to extreme temperatures, following Collatz et
al. [1992]:

®rcs = {1 +exp[0.3 (13- T} {1 +expl0.3 (T, - 36)]"
a7

Leaf respiration costs are calculated as in (10) but with the pa-
rameter bc; replaced by bcs. The value of bcs was scaled so as to
give leaf respiration costs for C, photosynthesis similar to those
predicted for C; photosynthesis. An optimal value of V,, is calcu-
lated from (11) using the appropriate functions and parameter
values for C, photosynthesis [Haxeltine and Prentice, 1996]. The
values of all parameters used in the C4 photosynthesis model are
listed in Table 2.

With a plentiful water supply this scheme gives C4 photosyn-
thesis rates that are lower than Cs rates at temperatures <20°C;
above this temperature, Cy4 rates are higher. Water stress tends to
have a greater effect on the modeled C; photosynthesis rate than on
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the C, rate; thus water stress lowers the temperature at which the
C, photosynthesis rate exceeds the C; rate.

The photosynthesis rate may be related to canopy conductance
through the diffusion gradient in CO; concentration implied by the
difference in CO, concentration between the atmosphere and in-
tercellular air spaces. Expressing this relationship in terms of the
total daytime net photosynthesis Ay, gives

Ag = [(gc— gmin) / 1.6] [ca (1 = V)]

where g, is the average daytime canopy conductance. The param-
eter gmin is a PFT specific minimum canopy conductance, which
accounts for plant water loss not directly associated with photo-
synthesis (e.g. cuticular transpiration). The variable c, is the
ambient mole fraction of CO, (p,=Pxc,, where P is atmospheric
pressure). The factor of 1.6 accounts for the difference in the dif-
fusion coefficients of CO, and water vapor. Ay is given by

(18)

Ag = A+ (1 —di/24) Ry (19)
Equation (18) may be rearranged to calculate a value for g:
& = &min+ 1.6 A/ [ca (1 = A)] (20

Use of the maximum non-water-stressed value for A (Ayc3 for
C; photosynthesis) allows the calculation of the maximum poten-
tial photosynthesis rate and maximum potential canopy conduc-
tance (gp) realizable under non-water-stressed conditions

& = &min+ 1.6 Aat/ [ca (1 = Amc3)] 2D
Water stress results in a lower canopy conductance. In which case
the water balance calculation provides a value for the actual
(water-limited) canopy conductance; (18) is then solved as a si-
multaneous equation with (2) (using a bisection method) to obtain
the water-limited values of Ayqand A.

Evapotranspiration. The actual evapotranspiration (AET) is
calculated at a daily time step as the minimum of a supply function
S and a non-water-stressed evapotranspiration rate D:

AET = min{S, D} (22)

D is calculated as a function of the potential canopy conductance
(gp) using a simple planetary boundary layer parameterization
adapted from Monteith [1995]:

D = E 0 [1 - exp(- g,/ gm)] (23)

where E, is the daily total equilibrium evapotranspiration calcu-
lated from latitude, temperature and sunshine hours data as
described in the appendix. The parameters o, and g, are empirical
parameters with 0,, = 1.4 and g,, = 5 following Monteith [1995].
The variable g, is the non-water-stressed potential canopy con-
ductance predicted by the photosynthesis model. D gives the
evapotranspiration rate which the vegetation achieves when the

supply of moisture from the soil is not limiting.
Following Prentice et al. [1993], the supply function is propor-
tional to the soil moisture in the rooting zone (W,):
S = Enax W, (24)

where E,,, is the maximum daily transpiration rate possible under
well watered conditions, assigned a value of 5 mm d”' based on
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Plate 1. Legend for Plates 2 and 3.

on differences in the model’s ability to predict different vegetation
classes and, using a subjective scale, can be used to assess the pre-
dictive ability of the model. Monserud [1990] suggested that
values <0.4 be considered poor or very poor, values 0.4-0.55 be
considered fair, values 0 55-0 7 be considered good, values 0 7-

0.85 be considered very good and values >0.85 be considered
excellent. A generalized form of the kappa statistic [Prentice et
al., 1992] can be used in a similar way to examine the agreement
between the two maps at spatial scales larger than the grid size.
Adjacent grid cells are grouped into blocks and the proportions of
different classes within each block are calculated. The overall
agreement between maps is then based on the similarity between
the proportions of different classes found within the blocks.

The overall kappa statistic reveals a fair agreement (0.53) be-
tween the maps at a 0.5° block size and a good agreement (0.58) at
a larger 2.5" block size. Model predictions thus show a better
agreement with the vegetation map at larger scales. This is to be
expected because both the soils and vegetation data sets are largely
composed of data originally digitized at a 1° resolution rather than
the 0.5° resolution used for this study, and the 0.5° climate data set
was produced by interpolation between climate stations with a
spacing often considerably more than 0.5°. Individual kappa sta-
tistics for each biome are shown in Table 6 for block sizes of 0.5°
and 2.5°. They reveal differences in the models performance for
different vegetation classes.

The predicted extents of the forest and woodland classes gen-
erally show a fair to good agreement with the vegetation map.
Exceptions are the temperate conifer, tropical deciduous forests,
and xeric woodlands/scrub classes. The predicted distribution of
temperate conifer forest is in very poor agreement with the map.
The predicted extent of xeric woodlands/scrub biome shows a poor
agreement with the map on the basis of the kappa statistic. How-
ever, the model correctly predicts areas of xeric woodlands/scrub
in southwestern Australia, the Cape region of South Africa, the
circum-Mediteranean region, central Chile, Mexico, and
California. The major area of disagreement is in South America
where the model predicts savannas in two large areas mapped as
xeric woodlands/scrub. The predicted extent of tropical deciduous
forests also show a poor agreement with the vegetation map on the
basis of the kappa statistic. The transition from tropical seasonal
forest to tropical deciduous forest is correctly predicted in most
places. The disagreement is thus largely due to the fact that the
model predicts savannas in some areas mapped as tropical decid-
uous forests. The predicted extent of the desert, arid shrubland,
and tundra biomes all show a good agreement with the vegetation
map.

Grasslands and savannas versus forests, woodlands, and
shrublands. The model predicts that grasses will compete suc-
cessfully against woody plant types in drier environments where
summer rain favors grasses by increasing the water supply in the
top soil layer and/or where conditions are warm enough and dry
enough for C, grasses to be significantly more competitive than C;
plants.

A test of the ability of the model to simulate the global distri-
bution of grass versus woody plant types was made by aggregating
the vegetation classes (Table 7). The overall kappa statistic thus
obtained of 0.61 at a 0.5° block size and 0.65 at a 2.5° block size
indicates the success of the model in predicting the dominance of
grasslands and savannas versus woodlands and forests at the glo-
bal scale.

The kappa statistics obtained for grasslands and savannas with
the full set of vegetation classes show only a poor agreement (Ta-
ble 6) between the simulated and mapped vegetation. This
suggests that the model is less successful at differentiating moist
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Plate 3. Simulated vegetation distribution.

699



700 HAXELTINE AND PRENTICE: BIOMES3 - A TERRESTRIAL BIOSPHERE MODEL

data summarized in Kelliher et al. [1993]. The supply function
empirically captures (based on observation) the reduction in tran-
spiration which occurs because of decreases in canopy conduc-
tance related to decreasing soil moisture.

Canopy conductance. If the water supply is not limiting, the
actual canopy conductance (g,) is equal to the maximum potential
canopy conductance (g,). If the actual evapotranspiration rate is
limited by soil moisture (i.e., if S<D), a water-limited canopy con-
ductance is calculated as the canopy conductance implied by the
actual (supply-limited) evapotranspiration rate:

8 = & S>D

(25

8 = —gm In[1-S/(E;0,)] S<D

8. is then used to calculate the actual (water-limited) photosynthe-
sis rate. The resulting values for canopy conductance (g.) depend
mainly upon environmental conditions and photosynthetic path-
way (only the minimum canopy conductance is directly plant-type
specific). The maximum potential canopy conductance (gp) is lin-
early related to the maximum daily photosynthesis rate, as in (21).
Thus, under conditions of limited water stress, the model predicts
a linear relationship between the maximum canopy conductance
and the maximum photosynthesis rate in agreement with observa-
tion [Schulze et al., 1994].

The calculation is complicated by the fact that evapotranspira-
tion is calculated at a daily time step, while photosynthesis is
calculated at a monthly time step. Values for g, are estimated by
the photosynthesis model for twelve midmonth days and then lin-
early interpolated to provide daily values for the evapotranspira-
tion calculation. These values of g, are used to calculate the actual
photosynthesis for an averaged midmonth day and then multiplied
by the number of days in the month.

Soil hydrology. The soil is described by two layers at depths
0-500 mm and 500-1500 mm. Available water holding capacity
(AWC, in millimetres) for each layer is defined as the difference
between field capacity and wilting point for the relevant soil
texture. Monthly rainfall totals are linearly interpolated to yield
quasi-daily rainfall values. The soil moisture stores are updated
each day using the daily percolation (Perc, in millimetres) , quasi-
daily rainfall (Rain, in millimetres), snowmelt (Melt, in millime-
tres) and the calculated evapotranspiration rate (AET, in
millimetres):

AW, = (Melt + Rain — Perc — B; AET) | AWC; (26)
AWy = (Perc — B, AET) | AWC, 27
B, =ZW, /W, (28)
Bz = (1-2) W2/ W, (29)
W, =[ZW,+(1-2) W;] (30)

where W; and W, are the soil water contents for the previous day
(expressed as a fraction of the AWC in that layer); AW, and AW,
are the daily changes in W; and W,, respectively. AWC; and
AWC; are the available water holding capacities of the upper and
lower soil layers, respectively. The parameters B; and 3, give the
rates of extraction of transpired water from the upper and lower
soil layers, respectively (such that B;+P,=1). Zis a PFT specific

parameter defining the fraction of the plants roots which are in the
top soil layer. W, is the average soil moisture in the rooting zone.

Percolation from the upper layer to the lower layer is calculated
using an empirical equation adapted from Neilson [1995]. The
percolation formula is:

Perc = KW;* (31

where Perc is the daily percolation (in millimetres) from the upper
to the lower soil layer, K is an empirical parameter (in millimetres)
dependent on soil texture, and W; is the fractional wetness of the
upper soil layer (as a fraction of the AWC). The equation is an
empirical analog of Darcy’s Law [Neilson, 1995] with conductiv-
ity being represented as a power function of soil wetness (K gives
the percolation rate when soil moisture in the upper soil layer is at
field capacity). Percolation depends on soil texture through the
value of K. Runoff occurs from the upper layer when the upper
layer reaches field capacity and from the lower layer when the
lower layer reaches field capacity.

Daily precipitation is defined as rain or snow depending on
temperature being above or below —2°C. Snow melt is driven by
temperature scaled by a melt coefficient:

Melt = (Ty—2) Sp, 32)
where T is the quasi-daily temperature and S,,= 0.7 mm octgl,
No snowmelt is allowed when the snowpack is depleted.

Soil moisture on day one is estimated by initializing the soil
moisture stores at a value scaled to annual rainfall and then run-
ning the water flux and phenology models for an initial spin-up
year. Soil moisture values predicted for the last day of this spin-up
year are then used for initializing a final run.

Values for the soil-texture dependent parameters are given in
Table 3. The parameter K was calibrated so as to give magnitudes
and ranges of percolation consistent with the four basic soil texture
classes. AWC for each layer was calculated as the product of the
volumetric water holding capacity (Hmax) and the depth of the soil
layer. Values for A,y were calculated following the method de-
scribed by Prentice et al. [1992]. The soil hydrology and evapo-
transpiration schemes have been extensively tested against high-

Table 3. Soil-Texture Dependant Parameters

Texture-Type Huax, % K, mmd"
Vertisols 10.0 0.2
Fine 12.0 30
Medium 5.0 4.0
Coarse 11.0 50
Medium-coarse 13.0 4.5
Fine-coarse 11.5 4.0
Fine-medium 13.5 3.5
Fine-medium-coarse 12.7 4.0
Organic 30.0 9.0

Hyy is the volumetric water holding capacity at field capacity minus the
volumetric water holding capacity at wilting point; K is an empirical pa-
rameter in the percolation equation.
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quality soil hydrological and micrometeorological data during a
recent workshop on soil moisture simulation [Shao et al., 1994].

Respiration costs. Whole plant respiration is calculated at a
yearly time step as

Rmml = Rlenf + Rtranspon + Rﬁne_mot + Rgrowth (33)

where Ry is the total annual plant respiration costs, Rie,¢ i an-
nual leaf respiration, Riragsport is annual maintenance respiration
costs for transport tissues (e.g., stem and woody root sapwood),
Rfine_roor 18 fine root respiration, and Rgrown is annual growth
respiration. '

Leaf respiration costs are calculated at a monthly time step by
the photosynthesis model and summed to obtain Rjes.

Maintenance respiration for transport tissues is modeled as a
function of the estimated total carbon content (C;) of transport
tissues. C, is estimated as a simple function of leaf area index
(LAI) following the “pipe model” theory of plant form [Shinozaki
et al., 1964]:

C, = LAIC, (34)

where C; is the total sapwood carbon content (kg C m?), LAl is
the leaf area index, and C, is a parameter for the sapwood carbon
content per unit LAI (Kg C m?). An average value for C, was
estimated by combining estimates of the proportion of biomass in
sapwood [Ryan, 1989; Rogers and Hinckley, 1979] with estimates
of average standing biomass from Olson et al. [1983] and Larcher
[1983], resulting in the value of C, being set equal to 1 kg C m2
A modified Arrhenius relationship is used for the dependence of
transport tissue maintenance respiration on temperature, following
Lloyd and Taylor [1994]:

m=12

Rtramspon =X K, C, expl E,AT) ] (35)
m=1

AT = Tet-T) " = (T.-To)™ (36)

where m is the number of the month and 7., is the mean monthly
temperature (in degrees celcius), X, is the sapwood respiration rate
gC kg" C month™") at the reference temperature (T,.p) of 10°C,
E,=308.56 K, and T,=—46.02°C. A mean value for K, of 1.67gC
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kg" C month™ was estimated from data presented in Table 2A of
Sprugel et al. [1996].

Raich and Nadelhoffer [1989] presented data, from a wide
range of forest ecosystems in different climate zones, that showed
a strong correlation between total belowground carbon allocation
(B;) and total annual leaf litterfall carbon (L;). They derived an
equation for total annual below ground carbon allocation, B, = 130
+ 1.92 Lx However, the intercept was not significantly different
from zero. We make the assumption that when averaged across all
vegetation types, B, will tend to zero as Ly tends to zero, implying
that B,/Ly= 2. Furthermore, fine root construction and mainte-
nance respiration are thought to account for about half of B,
[Sprugel et al., 1996; Ryan, 1991; Runyon et al., 1994] leading to
the simple approximation

Rine_root = al{f 37N

where a=1. Leaf litterfall can be calculated from LAI, specific leaf
area (SLA), and leaf longevity. Data presented by Reich et al.
[1992] show that SLA decreases with leaf longevity in such a way
as to keep litterfall approximately constant across the continuum
from short-lived deciduous leaves to long-lived evergreen leaves,
suggesting a simple relationship between litterfall and LAL

L= LAIL, (38

where LAI is the leaf area index and L, is the total annual leaf
litterfall per unit leaf area. The value of L, was estimated as 50 g C
m2 from relationships given by Reich et al. [1992]. Growth res-
piration (Rgrowm) is estimated as 20% of the gross photosynthate
remaining after all other respiration costs have been removed [Ry-
an, 1991].

2.3. Plant Functional Types

Just five woody and two grass plant functional types (PFTs) are
used in the model. Differences in physiology, phenology and root-
ing depth between the PFTs result in differences in their perfor-
mance in the carbon and water flux model.

Rooting Depth. Grass roots are assumed to extract water al-
most entirely from the upper soil. Woody plants extract water
from both the upper and lower soil layers (Table 4). The rooting
depth parameters follow Haxeltine et al. [1996].

Table 4. Plant-Type Specific Parameters Used in the Model

Plant-Type P z Cq4 O, Zmin
Tropical broad-leaved evergreen E 033 no 1 0.5
Tropical broad-leaved raingreen R 033 no 1 0.5
Temperate broad-leaved evergreen E 033 no 1 0.5
Temperate/boreal conifer E 0.33 no 0.8 03
Temperate/boreal summergreen S 033 no 1 0.5
Cool grass S 0.90 yes 1 0.5
Warm grass E 0.90 yes 1 0.8

P: phenological type where E is evergreen, S is summergreen, R is raingreen. Z, fraction of roots in the
upper soil layer. C; indicates whether plant-type may use C4 photosynthetic pathway. The parameter ®
defines the fractional reduction in photosynthesis in conifers due to leaf age. The parameter gmin is the
minifnum canopy conductance in millimeters per second.
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Photosynthesis Rates for Evergreen Conifers. Evergreen
needle-leaved conifers are assigned lower rates of photosynthesis
(Table 4) , based on the observation that photosynthetic rates de-
crease with increasing needle age [Chabot and Hicks, 1982; Reich
et al., 1992]. Maximum photosynthetic rates for evergreen coni-
fers typically decline at 30-50% per year [Chabot and Hicks,
1982]. However, older needles tend to occupy lower light envi-
ronments in the interior of the canopy [Schulze et al., 1977], so the
decrease in maximum photosynthetic rate with age at the needle
level results in a much smaller decrease in whole-canopy photo-
synthesis [Chabot and Hicks, 1982]. We assume, however, that
this phenomenon is not solely due to needles adapting to increased
shading and that it is partly due to specific characteristics of ever-
green conifer needles, possibly related to winter survival
adaptations. Thus the implicit assumption is made that evergreen
conifers have a mean needle age >1 year, whereas deciduous trees
have a mean leaf/needle age <I year.

Minimum Conductances. A lower value of the minimum can-
opy conductance is assigned to conifer plant types than to broad-

- leaved plant types (Table 4) based on observations summarized by
Kérner [1994]. Similarly, the warm grass plant is assigned a high-
er value of minimum stomatal conductance.

Phenology. Each PFT was assigned to be evergreen, summer-
green, or raingreen (Table 4). For evergreen PFTs, leaf area is
assumed constant through the year. For summergreen PFTs, leaf
growth starts when the temperature rises above 5°C and takes a
specified number of growing degree-days on a 5°C base (GDD,
defined as GDD=3(T~T,,), where T, is mean daily temperature,
Too is the minimum temperature for growth, and summation is over
the number of days in the year with T;>T,) to reach the maximum
growing season leaf area (200 GDDs for summergreen woody
PFTs, and 50 GDDs for the summergreen grass PFT). For rain-
green PFTs a phenology algorithm was produced by calibrating
soil moisture thresholds against observed raingreen phenologies:
leaf area is reduced to zero whenever the soil moisture (W,) in the
rooting zone falls below 20% of the AWC in the rooting zone and
is increased stepwise to the prescribed value when W, rises above
30% of AWC in the rooting zone.

This simple phenology algorithm allows deciduous plant types
to adopt an evergreen growth form under certain climates (i.e.,
summergreen trees growing in a climate with no menthly temper-
ature below 5°C or raingreen trees growing in an environment with
no dry period). In climates where this occurs, the deciduous plant
type is allowed to be present but not dominant.

The cool grass plant type with its summergreen phenology is
assigned if the temperature of the coldest month is below 5°C,
otherwise the warm grass plant type with its evergreen phenology
and slightly higher minimum canopy conductance is assigned.

Selection of C,4 Versus C; Grasses. Grasses may utilize either
the C; or C, photosynthetic pathway, whereas woody plant types
always use the C3 photosynthetic pathway (Table 4) . C, grasses
may have a lower canopy conductance and/or a higher photosyn-
thesis rate than C; grasses. Both of these effects can give the C4
grass a competitive advantage. Furthermore, the benefits incurred
through having a lower canopy conductance depend upon the
moisture supply over the entire growing season. Thus both tem-
perature and moisture stress will influence the relative competi-
tiveness of C4 versus Cj grasses.

In the model, the choice of a C4 or Cj grass type is made on a
monthly basis thus allowing seasonal changes in the dominance of
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C, or C; grasses. The model simulates the competitive balance
between C4 and C; grasses under conditions of moderate water
stress, as found in most grassland ecosystems. Where water is
limiting, the water use efficiency (defined as net photosynthe-
sis/transpiration) gives a better measure of the realizable photo-
synthesis rate than the non-water-stressed photosynthesis rate; and
thus the water use efficiency more nearly defines competitive abil-
ity than the non-water-stressed photosynthesis rate. Conceptually,
the model selects the grass type which can achieve the highest
monthly water use efficiency as dominant. C,4 grasses are selected
when the monthly temperature is sufficient for C4 grasses to have
a higher rate of photosynthesis than C; grasses under the constraint
of a normalized transpiration rate (defined by setting A=0.4 for
both plant types). For an ambient CO, concentration of 340 pmol
mol”, the model predicts a transition in the dominant grass type
from Cj to C4 grasses at a monthly mean temperature (Tcq) of
15°C.

Ambient CO, concentration also influences the competitive
balance between C4 and C; plants. As CO, concentration increas-
es, the photosynthesis rate of C; plants increases relative to C,
plants; the temperature (7¢4) at which there is crossover from Cs to
C, grasses thus increases with CO, concentration. Furthermore,
the photosynthesis model predicts a near linear increase in Tcq
with increasing CO, concentration., Using the photosynthesis
model to calculate Tcq4 at a range of ambient CO, concentrations,
we developed the following regression equation for the calculation
of T4 at different CO, concentrations:

Tca = 8+ 7(c,/ 340) (39)

where c, is the ambient CO, mole fraction (jtmol mol™).

2.4. Prediction of Equilibrium Leaf Area and NPP

Fundamental to BIOME3 is the method used to calculate leaf
area as a function of moisture and carbon limitations. Haxeltine et
al. [1996] reviewed several approaches that have been used for
estimating large-scale patterns of sustainable leaf area as a func-
tion of soil moisture availability. They showed that the simulation
of maximum sustainable leaf area in water-limited environments
involves capturing the balance between two opposing effects.
First, water-limited vegetation will tend to support as large a leaf
area as water supply allows. Second, high transpiration rates due
to excessive leaf area will ultimately reduce biomass production
and impair plant vigor. The problem of estimating leaf area can
therefore be regarded as an optimization problem in which the
benefits of increasing leaf area in terms of light interception are
traded off against the costs in terms of transpiration. Haxeltine et
al. [1996] suggested that these benefits and costs may be expressed
through NPP and that the optimization described above is concep-
tually equivalent to maximizing NPP with respect to leaf area. The
increasing costs of leaf respiration as leaf area increases are also
included in the optimization of NPP.

However, the NPP obtained at a certain leaf area must also be
sufficient to satisfy allocation requirements. This additional con-
straint is important in environments where NPP and leaf area are
limited by factors other than the water supply. In such environ-
ments, such as high-latitude ecosystems, leaf area may instead be
limited by an inability to satisfy whole-plant carbon allocation re-
quirements at high leaf areas. We use the annual leaf litterfall Lras
an estimate of the absolute minimum allocation requirement. If at
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a certain leaf area NPP<Ly, the leaf area is considered unsupport-
able and is not allowed. Then, in the absence of water limitations,
the equilibrium leaf area of the vegetation is the highest leaf area
for which this minimum allocation requirement is still satisfied.

On the basis of this logic the model calculates an optimal NPP
and leaf area for each PFT that may potentially be present in a
certain grid square. This is done by calculating NPP at a compre-
hensive range of leaf areas. The leaf area which gives the highest
NPP, while still satisfying the minimum allocation constraint, is
selected as being the optimal leaf area for that particular PFT in
that grid square.

2.5. Simulation of the Dominant Plant Type

Selection of dominant PFTs is carried out using the NPP of one
PFT relative to the NPP of another PFT as an index of the relative
competitive ability of these two PFTs. This is done by first se-
lecting a dominant woody PFT and then dealing with competition
between the dominant woody PFT and grass PFT. The dominant
woody PFT is selected from those potentially present in the grid
square by selecting the woody PFT with the highest predicted
NPP.

The competitive balance between woody plants and grasses in a
savanna ecosystem is primarily determined by competition for
available soil water [Walter, 1971; Walker and Noy-Meir, 1982;
Knoop and Walker, 1985; Eagleson and Segarra, 1985; Neilson,
1995; Haxeltine et al., 1996]. Important modifying factors are
differences in physiology, fire disturbance, and competition for
light [Daubenmire, 1978; Walter, 1979; Walker and Noy-Meir,
1982; Hopkins, 1992; Neilson, 1995]. The simulated NPP values
capture the effects of competition for water resources and differ-
ences in physiology but not light competition or fire disturbance.

In moist environments, trees will tend to form a closed canopy
which excludes grasses through light competition. Furthermore,
fire frequency tends to be lower in moist environments than in dry
environments, and frequent fires tend to favor the dominance of
grasses. Through both of these mechanisms, moist environments
tend to favor woody plants to the exclusion of a significant grass
cover. Fire and light competition are not mechanistically modeled
in BIOME3. Instead, these effects are empirically modeled by ex-
cluding grasses if the annual average available soil moisture
predicted for the dominant woody PFT is >75% (where 0% avail-
able soil moisture is at the wilting point and 100% is at field
capacity) or if the annual rainfall is >2200 mm. If grasses are not
excluded on the basis of this moisture rule, the PFT with the high-
est NPP is predicted to be dominant. The competition algorithm is
used to distinguish between environments in which woody plants
are dominant (where woody NPP > grass NPP) versus environ-
ments in which either a grassland or savanna is the dominant
vegetation type (where grass NPP > woody NPP) . In either case
the modeled vegetation characteristics for the PFT with the highest
NPP are assumed to be representative of the vegetation as a whole.
In a earlier version of this model [Haxeltine et al., 1996], compe-
tition was handled by directly simulating the performance of
different combinations of grass and woody plant types. The sim-
plification made here is to simulate the competition between
grasses and woody plants by comparing the performance of a grass
and woody plant type growing separately. This simplification was
found to give very similar results while saving dramatically on
computational costs.

2.6. Mapping to Biomes

BIOMES3 predicts the NPP, the LAI, the dominant PFT, and any
secondary PFTs for each grid cell. This basic model output and a
number of subsidiary variables are then used to assign a biome
type according to the classification scheme shown in Table 5.

3. Environmental Data Sets

3.1. Climate and Soils

Monthly mean temperature, precipitation, and percent of possi-
ble sunshine hours data were obtained from the Cramer and
Leemans climate database (W. Cramer, personal communication,
1995) which is an improved version of that described by Leemans
and Cramer [1991].

Worldwide data on absolute minimum temperatures for approx-
imately 1000 stations were obtained from Miiller [1982]. In this
data set, absolute minimum temperatute is the lowest temperature
measured with a standard thermometer during the entire observa-
tion period. Differences between the absolute minimum tempera-
tures and temperature of the coldest month were interpolated onto
the 0.5° grid. Because of the relatively small number of data points
for the absolute minimum temperature, the interpolation presented
problems in areas where the data coverage was particularly sparse
or where there was a strong spatial variation.

A soil-texture data set was constructed based on the textural
information digitized by Zobler [1986] from the Food and Agri-
culture Organization soils map [Food and Agriculture Organiza-
tion, 1974]. The data set distinguishes fine-, medium-, and
coarse-textured soils and combinations of these classes, with a
separate category for organic soils. In addition, we defined an extra
category for vertisols. This soil type was defined for grid cells
mapped as having both fine-textured soils and chromic vertisols by
Zobler [1986].

3.2. Vegetation Data

A global map of potential natural vegetation was constructed
(Plate 1) based primarily on a "hybrid" vegetation map developed
by Mellilo et al. [1993]. The Mellilo map was constructed from a
number of global and regional vegetation maps including the
Mathews [1983], Olson et al. [1983], Isachencko et al. [1990], and
Kuchler [1964] vegetation maps. Using the Mellilo map as a basis,
further modifications were derived from the maps of Mathews
[1983], Olson et al. [1983), Isachencko et al. [1990], and Kuchler
[1964]. No single map contained all of the information required
for a map comparison with the model output; the aim was thus to
produce a vegetation map which contained the maximum amount
of information for use in comparing with the model output.

The Mellilo map was used as the basis for our vegetation map,
except for Africa where we used primarily the Mathews map. Ar-
eas shown in the Mellilo map to be tropical evergreen forest or
tropical savanna were reclassified as tropical evergreen forest or
tropical savannas according to the Mathews map. The Olson map
was then used to separate tropical rain forest, tropical seasonal
forest, tropical dry forest, and savannas in areas mapped by
Mathews as tropical rain forest. In both tropical and temperate
regions, areas of moist and dry savanna were distinguished fol-
lowing the Mathews and Olson maps. A distinction was made
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Table 5. Classification Scheme Used to Map Model Output to Biomes

Biome Type Dominant PFT Leaf Area Index
Boreal deciduous forest/woodland BTS* >0
Boreal evergreen forest/woodland BTC" >0
Temperate/boreal mixed forest BTS® >1.5
BTC! >2.5
Temperate conifer forest BTC® >2.50r 1.5°
Temperate deciduous forest BTS* >25
Temperate broad-leaved evergreen forest TBE >3
Tropical seasonal forest TE >25
Tropical rain forest TE >25
Tropical deciduous forest TR >2.5
Moist savannas CGor WG >1.5
Dry savannas CG or WG >0.6
Tall grassland CGt >3
wGh >3
Short grassland CGt >0.4
wG" >0.4
Xeric woodland/scrub TBE or TR or TE >1
BTC or BTS >1.5
Arid shrubland/steppe any >0.2
Desert any <0.2
Arctic/alpine tundra any' any
Polar desert anyj any

The plant functional types (PFTs) are tropical broad-leaved evergreen (TE), tropical broad-leaved raingreen (TR), temperate broad-leaved
evergreen (TBE), boreal/temperate summergreen (BTS), boreal/temperate evergreen conifer (BTC), cool grass (CG), and warm grass (WG).
In addition to information on the dominant PFT, other potentially present PFTs, and the total LAI the classification scheme uses the following
subsidiary variables: annual average available soil moisture expressed as a percentage, SM (where 0% is at the wilting point and 100% is at
field capacity); monthly average available soil moisture, SMy,; temperature of the coldest month, Ty, growing degree-days on 5°C base,
GDDs; growing degree-days on a 0°C base, GDD,,(GDD, defined as GDD=X(T+-T,,) where T, is mean daily temperature, T,,, is the minimum
temperature for growth and summation is over the number of days in the year with T;> T,,). Following Prentice et al. [1992] the temper-
ate/boreal summergreen plant type is assigned to be boreal if Tinin<—45°C and/or GDD5<1200, otherwise, it is assigned to be temperate.
Similarly, following Prentice et al. [1992], the temperate/boreal evergreen conifer plant type is assigned to be boreal if Tpy<—45°C and/or
GDDs<1200. Otherwise, if T,,>-2°C, it is assigned to be temperate, and if T.,,<—2°C, it assigned to be a codominant mixture of both boreal
and temperate types.

? Boreal deciduous forest is mapped if the BTS plant type is assigned to be boreal; otherwise, a temperate deciduous forest is mapped.

® Boreal conifer forest is mapped if the BTC plant type is assigned to be boreal; otherwise, a temperate conifer forest is mapped.

¢ Temperate/boreal mixed forest is a mapped if the BTC plant type is present and assigned to be at least partly boreal and SM>80% and
NPP<600 g C m2yr; otherwise, a deciduous forest biome is mapped.

d Temperate/boreal mixed forest is mapped if the BTC plant type is assigned to be temperate and the BTS plant type is also present, and
SM>80%, otherwise, a deciduous forest biome is mapped.

© If the BTC plant type is assigned to be solely temperate, the LAI threshold of 1.5 is used, otherwise, the LAI threshold of 2.5 is used.

fTropical rain forest is mapped for this PFT if SM,,>50% for all 12 months of the year; otherwise, it is mapped as tropical seasonal forest.

£ Grassland is mapped for the cool grass plant type if SM<65% and LAI>1.5; otherwise, a savanna biome is mapped.

" Grassland is mapped for the warm grass plant type if the ratio of grass NPP/woody NPP >1.8; otherwise, a savanna is mapped.

' Tundra is always mapped if GDD;5<350, except where the requirement for polar desert is satisfied.

i polar desert is always mapped if GDD,<150.

between polar desert and tundra rather the the moist tundra and
polar desert/alpine tundra classes used in the Mellilo map, again
following the Mathews and Olson maps. In the circum-
Mediterranean region some areas mapped as temperate savanna in
the Mellilo map were reclassified as xeric woodlands/scrub, fol-
lowing Mathews. Isachencko et al. [1990] was used to map the
boreal deciduous (Larix) woodlands in Siberia. Following
Kuchler [1964], an area of xeric woodland/scrub was mapped in
California where the Mellilo map shows temperate broad-leaved
evergreen forest. The resulting natural vegetation map (see Plates

1 and 2) is derived only from vegetation data and is not in anyway
derived from climate data or the output of any model.

4. Results

4.1. Comparison to Potential Natural Vegetation Map

The simulated vegetation (Plate 3) and natural vegetation map
(Plate 2) were compared numerically using the kappa statistic
[Prentice et al., 1992]. The kappa statistic provides information
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Table 6. Kappa Statistics for a Global Comparison of Simulated
Vegetation Patterns With the Map of Natural Vegetation

Block Size
Vegetation Class 0.5° 2.5°
Boreal deciduous forest/woodland 0.70 0.73
Boreal conifer forest/woodland 0.68 0.70
Temperate/boreal mixed forest 043 0.49
Temperate conifer forest 0.15 0.28
Temperate deciduous forest 0.40 0.49
Temperate broad-leaved evergreen forest 043 0.52
Tropical seasonal forest 0.54 0.56
Tropical rain forest 0.70 0.69
Tropical deciduous forest 0.35 0.35
Moist savannas 0.31 0.39
Dry savannas 0.25 0.33
Tall grassland 025 031
Short grassland 0.39 047
Xeric woodlands/scrub 0.26 0.36
Arid shrubland/steppe 0.56 0.62
Desert 0.84 0.83
Artic/alpine tundra 0.72 0.75
Polar desert 0.42 0.58

versus dry savannas and tall versus short grasslands and/or that
these distinctions are not made accurately in the vegetation map.

The model correctly predicts the temperate steppes of America
and Asia. The main discrepancies are the failure of the model to
predict the "Prairie Peninsula"” region of the midcontinental United
States and the steppe of northern Mongolian. An earlier regional
version of this model [VEMAP Members, 1995] accurately simu-
lated the Prairie Peninsula. For this regional application of the
model a higher quality soils data set was available which resolved
the soils of the Prairie Peninsula, and this is a possible reason for
the discrepancy. However, the Prairie Peninsula forms a sensitive
transition zone between the eastern forests and the prairie
[Daubenmire, 1978], and the model has difficulty in resolving this
transition zone. The region coincides with areas having a higher
proportion of summer rainfall, and a higher interannual rainfall
variability, than neighboring forests [Neilson, 1995]. BIOMES3 is
capable of predicting a savanna rather than a forest because of the
influence of summer rainfall, so it is possible that consideration of
the interannual variability of rainfall may be important for the ac-
curate simulation of the Prairie Peninsula.

In South America the model fails to predict the grasslands of
eastern Argentina and Uruguay. The model does not predict grass-
land in these areas because the precipitation is sufficiently high to
support a closed forest. Other biogeography models [e.g., Prentice
et al., 1992; Neilson and Marks, 1994] also predict forest biomes
in these grassland areas of South America. The cause of this dis-
crepancy is not clear, but it may be connected with the occurrence
of special soil conditions (e.g., extensive iron pans) which favor
the presence of grasslands. Alternatively, the presence of grass-
lands in this region may be connected with the occurrence of very

high rates of evapotranspiration [Walter, 1979] that are not fully
captured in current models.

The model correctly predicts the transition from tropical sea-
sonal forest to savanna which occurs north of the equator in Africa
and the belt of moist savanna which occurs between the tropical
seasonal and the tropical deciduous forest areas south of the equa-
tor in Africa. The transition from tropical seasonal forest to moist
savanna occurring in areas of South America is also correctly
predicted.

In Australia the model correctly predicts the pattern of xeric
woodland and shrubland in the winter rain region of southwestern
Australia versus the savanna and grassland of the summer rain re-
gion of northern and northeastern Australia.

The model incorrectly predicts savannas in areas of southeast
Asia and India. This discrepancy occurs mostly in areas with a
large but highly monsoonal rainfall. In such climates the water
balance model predicts very high runoff in the monsoon months
and very low soil moisture values during the dry period. The sim-
ulation of low soil moisture values results in the prediction of
savanna rather than forest. In reality, a proportion of the modeled
runoff would occur as base flow and be stored as ground water.
Some of which would be available to the vegetation later in the
year. The use of a more comprehensive hydrology model, which
incorporated ground water storage, might thus allow the model to
predict forests in these areas.

Cold-deciduous versus evergreen trees. The model predicts
a cold-deciduous forest biome through two different mechanisms.
First, in areas with absolute minimum temperatures <—60°C, the
model predicts that the only trees present are boreal summergreen
trees. Through this mechanism the model correctly predicts the
dominance of boreal summergreen trees (Larix forest and wood-
land) in large areas of eastern Siberia.

Second, the model predicts that summergreen trees will be
dominant in areas where they are able to achieve a higher carbon
gain than evergreen trees. In the model, evergreen trees can
achieve a higher carbon balance than summergreen trees only if
their carbon gain during the part of the year when summergreen
trees are without leaves outweighs the disadvantage incurred
through their lower intrinsic rate of photosynthesis. Through this
mechanism the model correctly predicts the major regions of tem-

Table 7. Kappa Statistics for a Global Comparison of Simulated
Vegetation Patterns With the Map of Natural Vegetation Using the
Reduced set of Vegetation Classes

Block Size
Vegetation Class 0.5° 2.5°
Forest/woodland 0.62 0.67
Grassland/savanna 0.45 0.50
Arid shrubland/steppe 0.56 0.62
Desert 0.84 0.83
Tundra 0.72 0.75
Polar desert 0.42 0.58
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perate deciduous forest in eastern North America, Europe, and
northern China.

Drought-deciduous versus evergreen tress. Drought-
deciduous trees reduce carbon losses during a dry period by drop-
ping their leaves. In the model, this allows them to outcompete
evergreen trees in areas with a sufiiciently long dry period.
Through this mechanism the model correctly predicts the areas of
tropical rain forest and seasonal forest in Amazonia and equatorial
Africa versus the areas of drought-deciduous forest in southern
Africa, southern Brazil, northern Australia, and Burma.

4.2, Comparison to NPP Data

A comparison was made between predicted NPP and a set of
NPP field measurements (Figure 1) . There are many problems
associated with such comparisons including the quality of the data
and the fact that the model is simulating the average NPP over a
0.5° grid square while NPP measurements are made at particular
sites. Despite these problems the resuliing comparison shows a
fair agreement between the predicted NPP and measurements with
a linear regression (Figure 1) yielding a correlation coefficient of
0.74 (N=61 and P<0.001). A clear discrepancy is that for higher
NPP sites the model tends to predict NPP values that are consid-
erably lower than the measured values. The same effect has been
observed for a number of other global NPP models [Moore et al.,
1995] when compared to these NPP measurements (D. W. Kick-
lighter, personal communication, 1995), suggesting that the higher
NPP measurements may not always be representative of the aver-
age NPP in the area surrounding the measurement site.
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Figure 1. Comparison between BIOME3 predicted annual net
primary production (NPP) and NPP field measurements. The NPP
data [Leith and Whittaker, 1975] is the same as was used for the
calibration and validation of the Terrestrial Ecosystem Model
[Raich et al., 1991; McGuire et al., 1992; Melillo et al., 1993].
NPP measurements were compared to the predicted NPP for the
0.5° grid square within which each measurement site was located.
Where more than one measurement fell within one 0.5° grid
square, the measurements were averaged to produce one value for
the whole grid square. The solid line shows a linear regression of
predicted NPP against measurements, and the dashed line indicates
exact agreement.
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Figure 2. Comparison of biome-averaged values of predicted
maximum monthly FPAR versus values obtained from remote
sensing data (Sellers et al., 1994, 1996]. Values for the tall and
short grassland biomes are circled.

4.3. Comparison to Remote Sensing Derived FPAR Data

FPAR (the fraction of incoming photosynthetically active radi-
ation intercepted by green vegetation) is an important ecosystem
variable fundamental to the prediction of photosynthesis and NPP.
Modeled FPAR values depend solely on modeled LAI values (see
(1)), so that maximum monthly FPAR values are directly related to
the predicted growing-season LAIL

A global FPAR data set at 1° resolution was obtained for the
years 1987-1988 from the ISLSCP CD-ROM ([Sellers et al., 1994,
1996]. Monthly values were averaged for the 2 years. Maximum
monthly FPAR values were then obtained from the averaged data
set. An obvious limitation of comparing the predicted versus ob-
served FPAR values is that the model predicts FPAR values for
potential natural vegetation, whereas the observed FPAR values
are influenced by agriculture and land use change. Another limi-
tation is that the period of satellite observations is different from
and much shorter than the period of climatological observation
used to drive the model.

With these caveats in mind, a global comparison was made be-
tween the observed maximum monthly FPAR values and the
BIOMES3 predictions of maximum monthly FPAR. A linear re-
gression (at a 1° resolution) of predicted versus observed maxi-
mum monthly FPAR values yields a correlation coefficient of 0.76
(N=14441, P<0.001, slope=0.86, and intercept=0.135) indicating
a good global agreement. A comparison of the biome-averaged
values of predicted versus observed maximum monthly FPAR
(Figure 2) shows this agreement. The two biomes showing the
least agreement with observations are tall and short grassland (Fig-
ure 2) . The model may be overpredicting LAI and thus FPAR for
C, grasses; on the other hand, a large part of the area predicted by
BIOMES to be grassland is now, in fact, agricultural land (e.g., the
Great Plains region of the United States), and this may be a pri-
mary cause of the disagreement.
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5. Discussion

BIOMES3 represents an attempt to model the global distribution
of potential natural vegetation types by interactively coupling
structure and function. Modeled vegetation distribution is partial-
ly determined by modeled NPP, while vegetation type in turn
affects NPP. Using this novel design, the model successfully re-
produces the broad-scale patterns in potential natural vegetation
for the current climate. It also produces estimates of NPP and leaf
area that are in reasonable agreement with the currently available
validation data.

BIOMES3 does not explicitly model the nitrogen cycle. NPP
and leaf area are thus never constrained by nutrient availability in
the model. Yet the model predicts reasonable values of leaf area
and NPP for high-latitude ecosystems, where NPP and leaf area
are known to be nutrient-limited [McGuire et al., 1992 ]. The
model succeeds because these high-latitude ecosystems are pre-
dicted to be carbon-limited. It seems likely that in the steady state,
carbon and nitrogen tend to become co-limiting in high-latitude
ecosystems. This has also been proposed in a recent modeling
study [Schimel et al., 1995] which showed that productivity has a
feedback on nitrogen availability: higher productivity leads to
more nitrogen being captured in biomass and subsequently soil
catbon. As N retention increases, N availability tends to increase
leading to a correlation of nutrient availability with other limita-
tions on productivity. BIOMES is thus apparently able to capture
the equilibrium response of vegetation to climate without explicit-
ly modeling the nitrogen cycle. However, when vegetation is
forced away from equilibrium by rapid climate change, the carbon-
nitrogen-water linkages are likely to induce a series of important
feedbacks, whose accurate representation would require explicit
modeling of the nitrogen cycle.

Fire and other natural disturbance regimes are not mechanisti-
cally incorporated in BIOME3. Fire frequency is an important
modifying factor in determining the competitive balance between
grass and woody plant types [Daubenmire, 1978; Hopkins, 1992];
in BIOME3 the dynamic equilibrium between succession-driven
light competition (favoring trees) and disturbance by fire (favoring
grasses) is represented by empirical rules based on moisture
conditions. Again, it seems likely that such rules can describe the
steady state conditions, but to simulate transient responses (to cli-
mate change, human effects on fire frequency, and their interac-
tion), it will be necessary to take account of the specific mecha-
nisms involved.

An important potential application of BIOMES3 is for simulating
the equilibrium response of vegetation to changed climates and
atmospheric CO; concentrations. BIOME3 can simulate the
changes in vegetation distribution, NPP, and leaf area resulting
from a changed climate. In addition, the model captures the direct
responses of photosynthesis and stomatal conductance to changes
in CO; and simulates the effects of this response on leaf area, NPP,
and the dominant plant types. The model is thus able to mecha-
nistically simulate the direct effect of changing CO, on vegetation
distribution, leaf area, and NPP,

BIOMES3 simulates the vegetation distribution that is in equi-
librium with a particular climate and atmospheric CO;
concentration. Equilibrium vegetation models have already
proved to be useful for studying the response of vegetation to
palaeoclimates, and BIOME3 will add to this work by allowing
quantification of the relative importance of changes in atmospheric
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CO; concentration to changes in paleovegetation distribution. For
prediction of the response of vegetation to a future rapidly chang-
ing climate, BIOMES3 is able suggest the general direction and
maximum extent of change to be expected. Prediction of the tran-
sient response of vegetation to climate change will require the
addition of a scheme to simulate vegetation dynamics and natural
disturbance. By providing a means to estimate the potential dis-
tribution and productivity of different PFTs, BIOME3 represents a
major step toward the development of an integrated dynamic mod-
el of the terrestrial biosphere.

Appendix: Calculation of Net Photosynthetically
Active Radiation, Net Radiation, and Equilibrium
Evapotranspiration

Daily net photosynthetically active radiation (PAR) is calculat-
ed in units of mol m2d™! as

PAR = (0.5/e*) R, (AD

where R, is the daily net short wave radiation flux in MJ d"! and e*
converts to molar units with e* = 0.27 MJ mol!. This assumes that
50% of the daily net short wave radiation flux is PAR. The daily
net radiation is the daily net downward short wave flux R, minus
the daily net upward long wave flux R;:

R, = R,— R, (A2)
Following Linacre [1968] and Prentice et al. [1993], we take
Ry =z(c+dn)(1-B) g, (A3)

where ¢ and d are empirical constants (¢=0.25 and d=0.50). Friend
[1996] calculated the values of ¢ and d used here from a regression
of the ratio of measured to potential radiation versus the percent-
age of maximum possible sunshine hours for a set of 161 stations
from the Miiller [1982] climate data set. The variable n; is the
proportion of possible hours of bright sunshine, P is the shortwave
albedo set to equal to an average value of 0.17 following Prentice
et al. [1993],

Q, = 3600 Q, [1 +2 x0.01675 cos(360 i / 365)] (Ad)

where Q,, is the solar constant (1360 W m-2) and i is the day num-
ber (from 1-365 starting at January 1), and

2z = uh+v(24/2n)sin(360 h/24) (A5)
where
u = sin(l)sin(aa) (A6)
v = cos(!)cos(aa) (AT
where [ is latitude,
aa = —23.4° cos[360 (i + 10) / 365] (A8)
and 4 is the day length in hours, calculated as
h=20 usv
h = 24 Jacos(-u/Vv)/2R] u>-v,u<v (A9)
h =24 uzv
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The daytime net upward longwave flux can be approximated by a
linear function of temperature over a limited range of absolute
temperatures that occur near the Earth’s surface [Monteith, 1973].
Again, following Linacre [1968] and Prentice et al. [1993]

S = h3600(b+(1-bm](A-Ty (A10)
where b and A are empirical constants (b=0.2 and A=107 Wm'z)
and T, is the mean daily temperature (°C).
Following Jarvis and MacNaughton [1986], the daily equilib-
rium evapotranspiration rate (E,) is given by
Eq = [ss/(ss+Y)]R,/L (All)
where R, is the daily total net radiation flux (J m? d") and ss is the
rate of increase of saturated vapor pressure with temperature (Pa
K'Y, given by

ss = 2.5x108 exp[17.269 T,/ (237.3 + Tp)1/ (2373 + T)* (A12)
where 7y is the psychrometer constant, approximately 65 Pa K
and L is the latent heat of vaporization of water, approximately 2.5
x 10%] kg". Tables are used to take account of the weak depen-
dence of y and L on temperature.
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