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Abstract Research on coffee agroforestry systems
in Central America has identified various environ-
mental factors, management strategies and plant
characteristics that affect growth, yield and the impact
of the systems on the environment. Much of this
literature is not quantitative, and it remains difficult to
optimise growing area selection, shade tree use and
management. To assist in this optimisation we devel-
oped a simple dynamic model of coffee agroforestry
systems. The model includes the physiology of
vegetative and reproductive growth of coffee plants,
and its response to different growing conditions. This
is integrated into a plot-scale model of coffee and
shade tree growth which includes competition for
light, water and nutrients and allows for management
treatments such as spacing, thinning, pruning and
fertilising. Because of the limited availability of
quantitative information, model parameterisation
remains fraught with uncertainty, but model behaviour
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seems consistent with observations. We show exam-
ples of how the model can be used to examine trade-
offs between increasing coffee and tree productivity,
and between maximising productivity and limiting the
impact of the system on the environment.
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Introduction

Coffee (Coffea arabica, L.) is grown in monoculture
and as part of agroforestry systems. In Central
America, in recent decades, there had been a trend
towards growing coffee in high-input monocultures,
but agroforestry systems are again becoming more
common (Muschler and Bonnemann 1997). A main
reason for the trend reversal is that farmers now focus
less exclusively on coffee yield, and aim for a wider
spectrum of ecosystem services, which can be sup-
ported by including shade trees. However, it is difficult
to optimise the selection of shade tree species and the
management of the agroforestry system.
Process-based modelling might benefit the develop-
ment of coffee agroforestry systems. The purpose of
modelling managed ecosystems is typically twofold.
First, the process of model building and parameterisa-
tion highlights gaps in our knowledge, which may help
in setting the research agenda. Secondly, the completed
model may be used to explore how different factors,
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under human control or not, affect the productivity and
environmental impact of the system. Here, we describe
the development of a model for coffee agroforestry
systems aimed at exploring the systems’ response to
strategic management decisions (fertilisation level,
shade-tree species and density, pruning and thinning
regimes), regional differences in growing conditions
(weather and soil) and environmental change (climate
and atmospheric composition). To meet these goals, the
model needs to be able to simulate a full rotation of
coffee growth, which takes typically 10-25 years in our
area of interest, Central America.

Process-based modelling of crop growth started in
the 1960s, followed by the first forest models in the
early 1970s and agroforestry models another decade
later (Bouman et al. 1996; Muetzelfeldt and Sinclair
1993). Many early crop models were highly complex
and parameter-rich, but more recently the focus has
shifted towards simpler process-based models which
proved easier to parameterise and provided more
robust predictions (Bouman et al. 1996). Recent
reviews of agroforestry models do not reveal a similar
trend to greater model simplicity (Matthews et al.
2004; Muetzelfeldt and Sinclair 1993; Young 1997).
In fact, the reviewers suggest that even the most
complex generic agroforestry models like WaNulCas
(Van Noordwijk et al. 2004) and HyPar (Mobbs et al.
1998) should be further refined, although they admit
that model users tend to find it hard to parameterise
current model versions for their own systems (Mat-
thews et al. 2004). Here, we take the view that model
complexity should be commensurate with data avail-
ability. In a companion paper (Van Oijen et al. 2010),
we reviewed the availability of quantitative informa-
tion on coffee agroforestry systems, and concluded
that parameters for many physiological and ecological
processes are not well known. We therefore aim for a
simple model, realising that ongoing research may
justify adding complexity at a later stage.

Thus far, no models have been developed specif-
ically for the coffee agroforestry system. For
unshaded coffee plants, 3D-architectural models have
been developed (Dauzat et al. 2001; Dereffye 1983)
which focus on within-season dynamics of light and
water use by the plants. These models are useful tools
for analysing the aboveground morphological aspects
of coffee growth and resource acquisition, but they are
too complex to serve as components in a simple full-
rotation agroforestry model. Likewise, a model for
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Erythrina poeppigiana, a common shade-tree species
for coffee, exists, but again with a focus on short-term
radiation distribution (Nygren 1993). Notwithstand-
ing the absence of ready-made coffee and shade-tree
models, many algorithms developed for simple crop
and forest models (for example, Van Oijen et al. 2004,
2005) have general validity and may be used as
elements in a coffee agroforestry model.

When deciding on the structure of a model, we need
to specify which factors are considered and which are
excluded. Our aim is to develop a process-based model
that incorporates only the major characteristics of both
coffee and shade trees that affect their productivity and
the impact the system has on the environment. We
therefore did not aim to include pests, weeds and
diseases in the model, nor the effects of soil toxicity
and air pollution. Instead, we focus on potential
productivity, defined as growth unlimited by factors
other than light, water, N and only constrained by local
soil and weather conditions and by site management.
We concentrate on coffee and tree genotypes used in
Central American coffee growing regions of various
altitudes (which differ climatically mainly in temper-
ature), with different levels of availability of water and
nitrogen, and different management regimes. Specif-
ically, the following growing conditions are to be
addressed as inputs by the model:

e Weather conditions: temperature, rain, light,
humidity, wind

e Soil conditions: initial organic matter and nitro-
gen content, water retention characteristics, slope

e Tree management: choice of species, density,
thinning regime, pruning regime

e (Coffee management: rotation length, N-fertilisa-
tion, pruning regime

The domain of applicability of the model is all
coffee agroforestry systems where plant growth and
soil dynamics are mainly determined by the above
input factors. The following characteristics of the
agroforestry system are to be quantified as model
outputs:

e Productivity: coffee bean yield (dry matter), tree
stem volume

e Environmental impact: rate of N-leaching to
groundwater and of N-emission to the atmo-
sphere, rate of loss of organic carbon and nitrogen
in surface runoff
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Fig. 1 Resource fluxes in coffee agroforestry systems. When
tree cover is less than 100%, part of the field is not shaded (left)
and competition for resources only takes place in the shaded

Coffee agroforestry systems typically have low
bean yield in the Ist years and in the years following
coffee pruning. Wood production is also not constant
with tree cover initially increasing but repeatedly
being reduced by pruning and thinning. The system
thus is highly dynamic, and we try to account for this
by modelling time courses of coffee and tree growth
from planting to the end of the rotation period.

In this paper we shall present such a model and
evaluate whether the model can account for com-
monly observed behaviour of coffee agroforestry
systems in Central America.

A dynamic model for coffee agroforestry
systems

The system

A schematic view of the main components and
interactions in coffee agroforestry systems is depicted
in Fig. 1. The scheme emphasises that coffee agro-
forestry fields are not homogeneous: a fraction of the
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part (right). The shaded part expands because of tree growth
and contracts because of tree management

coffee plants will not be shaded when the trees are
still young or after the trees have been pruned or
thinned back. In the tree-covered part of the field
there will be competition for resources between trees
and coffee. The major resources required by both
plant types are CO,, light, water and nutrients.
Because of adequate atmospheric mixing, competi-
tion for CO, is negligible, whereas the competition
for light is generally asymmetric with tree canopies
having first access to incident radiation and shade-
coffee only intercepting light transmitted by the trees.
On the other hand, there is full competition for soil
resources because the root systems of the two plant
types at least partly occupy the same soil volume.
Lack of homogeneity in coffee growth because of
incomplete tree cover translates into corresponding
differences in soil characteristics, with only the tree-
covered part of the field receiving tree litter, and
receiving coffee litter at a different rate and quality
compared to the unshaded part. A simple dynamic
model for coffee agroforestry systems aimed at
evaluating the system’s response to changes in
environmental conditions or management regimes
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needs to represent the key competition processes and
spatial heterogeneity, and we suggest it be at least at
the level of complexity shown in Fig. 1.

Overall model structure and implementation

The long period of growth to be simulated, 10-
25 years, calls for a model that ignores diurnal time
courses and details in the dynamics of coffee and tree
architecture. We therefore did not follow the exam-
ples of the only dynamic models produced for coffee
thus far, i.e. the 3-dimensional functional-architec-
tural models of Dereffye (1981, 1983) and Dauzat
et al. (2001), which were developed to simulate
coffee growth over short time periods. On the other
hand, given the requirements concerning model input
(weather, management) and output (productivity and
various fluxes of C, N and water) the model could not
be made overly simple. We thus chose to construct a
daily time step model, using where possible pre-
existing submodels for the different components in
the system. The scheme in Fig. 1 shows the basic
structure of the model. The scheme is incomplete as
many fluxes of water and N are not shown, nor are
any of the physiological and physical processes
within plant or soil components represented, but
these details will be supplied in the present section.

We implemented the model in MATLAB/Simu-
link, which is software designed for numerical
modelling and analysis of dynamic systems.

Model structure is supposed to be generic to AFS
in CA with the possibility to express differences
between shade tree species through different param-
eter values. The model thus allows simulation of tree
species grown purely for shade as well as those that
fix nitrogen or provide timber. However, in this paper
we shall only give examples of simulations for six
shade-tree species: Cordia alliodora, Erythrina poe-
ppigiana, Eucalyptus deglupta, Gliricidia sepium,
Inga densiflora, Terminalia ivorensis. E. poeppigi-
ana, G. sepium and I. densiflora fix nitrogen, while
C. alliodora, E. deglupta and T. ivorensis provide
timber. All six tree species are common in Central
American agroforestry systems.

In the following, we shall discuss the various
components of the model, focusing in particular on
parts of the model where novel approaches were
used.
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Weather data

The model operates on a daily time step and takes as
input daily values of weather conditions: radiation,
temperature, precipitation, humidity and wind speed.
The longest continuous time series available to us,
with daily data for all five weather variables, was from
the CATIE research station at Turrialba, Costa Rica
(9.53°N, 8.38°W, alt. 602 m). The data cover the years
1998-2004, with mean temperature 23.4°C, rain
8.6 mm d ', vapour pressure 2.36 kPa, global radia-
tion 15 MJ m~2 d~" and wind speed 0.75 m s~ '. This
dataset was used for most of the simulations in this
paper except for simulations aimed at quantifying the
impact of regional weather differences in Central
America. For these simulations, we used the long-term
mean monthly average weather data assembled in the
FAOCLIM database (FAO 1995). For regions above
600 m altitude, where coffee is typically grown, the
FAOCLIM database includes 8 stations in Costa Rica,
none in Nicaragua and 16 in Guatemala. For all
variables except rainfall we used linear interpolation
between the monthly means to derive time series of
daily weather. For rainfall this procedure is an
oversimplification because of the sensitivity of coffee
flowering to the sudden onset of rains after the dry
period. Using data on daily rainfall from two exper-
imental trial sites in Costa Rica, we therefore derived a
simple stochastic algorithm for generating time series
of daily rainfall from monthly means (Appendix 1),
which can be summarised as follows:

fdry _ e—ZZrain (la)
rainye = Zrain/ (31(1 — fay)) (1b)
P(rain > x|rain > 0) = e‘;;/mm (Ic)

where fy is the fraction of days without rain in a
given period of 31 days (—), 4 is a constant that
measures the evenness of rainfall distribution
(mm™ "), Train is total rainfall in the 31 days, rainye
is the average rainfall on a rainy day (mm) and
P(rain > xlrain > 0) is the probability that rainfall
exceeds x mm on a rainy day (—).

Microclimate

Shade trees reduce day time temperature of the
understorey more than they increase night time
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temperature (Barradas and Fanjul 1986), which is
modelled descriptively as a reduction of daily aver-
age temperature proportional to the fraction of
radiation intercepted by the trees:

T, =T — AT(1 — e *ar 1AI) (2)

where T, is air temperature amongst the coffee trees
(°C), T is ambient temperature (°C), AT is the
maximum reduction in daily average temperature
because of shading (°C), kgr is the global radiation
extinction coefficient of the trees (m?> m™2) and LA,
is tree leaf area index (m® m™2). This empirical
equation replaces detailed modelling of vertical and
horizontal fluxes of heat and radiative energy through
the soil-coffee—tree system.

Absolute air humidity is considered to be unaf-
fected by shading, and therefore relative humidity
increases with the lowering of temperature.

Atmospheric CO, concentration is considered to
be unaffected by the plants and is read from input file.

Coffee growth and production

The model considers, for shaded and sunlit coffee
plants separately, how carbon and nitrogen content,
leaf area and phenology change over time. Seven
state variables are distinguished: carbon in leaves,
woody aboveground parts, roots and reproductive
organs (kg C m™?), nitrogen in leaves (kg N m~?),
LAI (m* m™?) and phenological stage (dimension-
less). The nitrogen contents of woody plant parts,
roots and reproductive organs are not treated as
separate state variables but are calculated from the
respective carbon contents by multiplication with
organ-specific N/C-ratios.

Light interception is modelled by Beer’s law with
a constant light extinction coefficient. Assimilate
production is calculated by multiplying light inter-
ception with a light-use efficiency that decreases with
light intensity:

o

Praxd
where LUE is canopy light-use efficiency (kg C
MJI™"), o is upper leaf light-use efficiency (kg C
MJ™Y), Py is upper leaf light-saturated photosyn-
thetic rate (kg C m~2d™ "), I, is incident photosyn-
thetically active radiation (MJ m~2 d™ "), k is the light

extinction coefficient (m” m~2) and J is photoperiod
duration (d dfl). Equations for o and P, are derived
from the limits of the Farquhar photosynthetic rate
equations (Farquhar et al. 1980) for very low and high
light intensity, respectively. The derivation of the
LUE-equation was described in detail by Van Oijen
et al. (2004) and examples of its successful applica-
tion to growth modelling of various plant species were
given by Hoglind et al. (2001), Van Oijen et al.
(2004), Van Oijen and Ewert (1999) and Rodriguez
et al. (1999). The equation yields the highest values
for LUE (approaching the value of «) at low light
intensity 1. This effect is negated in models that allow
respiration rate to exceed photosynthesis at low light
intensity. Instead, we assume a constant ratio of daily
rates of respiration and photosynthesis, which may be
more generally correct (Gifford 2003; Keith et al.
1997; Malhi et al. 1999), and is consistent with high
rates of photosynthesis observed at low light intensity
in shade plants like coffee (Franck and Vaast 2009).

Besides being sensitive to light intensity, the
calculated value of LUE depends on atmospheric
CO, concentration and temperature, through their
impact on o and P, (Farquhar et al. 1980; Van
Oijen et al. 2004). Further, LUE is assumed to be
decreased in case of drought. This is modelled as a
proportionality with the ratio of actual and potential
transpiration rate (Kropff 1993), the latter being
calculated by means of the Penman equation
(Penman 1948). Actual transpiration rate decreases
below the potential rate when soil water content
drops below a critical level, which is lower than field
capacity by an amount that depends inversely on
atmospheric evaporative demand (Driessen 1986;
Farre et al. 2000). Daily rainfall is intercepted by
the foliage up to a maximum level which is propor-
tional to LAI. The intercepted water reduces transpi-
rational demand and evaporates the same day.
Finally, growth is hampered if insufficient nitrogen
is available to maintain N/C-ratios. Nitrogen uptake
by the coffee plants is limited by either supply from
the soil or demand by the plants. N-supply follows a
Michaelis—Menten function of soil mineral N con-
centration, and is proportional to root biomass.
N-demand is the sum of organ-specific multiplica-
tions of N/C-ratio and growth rate in terms of carbon.
If N-supply becomes less than demand, allocation of
N to leaves decreases until a minimum leaf N/C-ratio
is reached.
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Besides the effect of N-deficiency on allocation to
leaves, the model assumes that the pattern of assimilate
allocation to different organs is constant with four
exceptions: (1) after flowering, reproductive growth
gradually increases towards a maximum, returning to
zero at bean maturation, (2) the maximum sink strength
of reproductive growth is proportional to light intensity
around flowering, (3) reproductive growth only starts
in the 3rd year after planting, and is hampered for
1 year after pruning of the coffee plants, (4) allocation
to roots adheres to a functional balance, increasing in
case of drought and N-deficiency.

The two key phenological events in the model
affecting the pattern of assimilate distribution are
flowering and bean maturation. The onset of flower-
ing was modelled as the 1st day of the year exceeding
a threshold amount of rain. Bean maturation follows a
fixed number of degree days later.

Leaf area increases as the product of leaf biomass
growth rate and specific leaf area, the latter being
reduced in case of drought. Senescence of all organs
follows organ-specific time constants, and leads to
the addition of carbon and nitrogen to the soil.

Trees

The submodel for trees is based on the BASic FORest
simulator (BASFOR), described in more detail else-
where (Van Oijen et al. 2005). Here we give a
general overview, emphasising the differences with
the submodel for the coffee plants.

Six state variables are distinguished: carbon in
leaves, branches, stems and roots (kg C mfz), nitro-
gen in leaves (kg N m~2) and tree density (m2). As
for the coffee plants, nitrogen contents in other
organs than leaves are not treated as state variables
but are calculated through fixed organ-specific N/C-
ratios. All morphological variables, i.e. projected
crown area of individual trees (A.; mz), leaf area
index (LAI; m’ mfz), wood volume (V; m’ m72) and
tree height (%; m), are calculated as functions of the
biomass variables:

G\
Ac = kcl (Fh) (43)

C; SLA,

LAL = ————'_
"7 Min[l,A.d]

(4b)
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V= W (4¢)

C, ki
h =k (g) (4d)

where C,, C; and C; are the amounts of carbon in
branches, leaves and stems (kg C m_z), d is tree
density (m~2), SLA, is specific leaf area (m? kg_1 O),
w is wood density (kg C m_3) and k.;, k.2, k,; and
k> are allometric constants. The allometry was based
on biomass rather than stem diameter (the common
choice in forestry, Von Gadow and Hui 1999),
because pruning breaks the relationship between
stem and crown variables, and biomass is the primary
model output. The division by tree density d in three
of the four morphological equations transforms the
biomass variables from area-based to individual-
based.

The shaded fraction of the field (Fig. 1) is
calculated as the product of individual-tree crown
area and tree density (A.d), capped at unity if the
crowns overlap. Tree resource dynamics, i.e. light
interception and transmission, nitrogen and water
uptake and litter fall only apply to this shaded area.
Light interception by the trees depends on LAI,
following Beer’s law, with the tree canopy always
assumed to be above the coffee foliage.

Tree growth rate is calculated by multiplying light
interception with a light-use efficiency (LUE;) which
is calculated more simply than the LUE of the coffee
plants, not involving the Farquhar equations. LUE,
follows an optimum curve with respect to tempera-
ture and, as for coffee, decreases proportionally to the
ratio of actual and Penman potential transpiration.
CO,-effects are modelled empirically using the
concept of the biotic growth factor  (Gifford 1980)
which assumes proportionality between growth
enhancement by elevated CO, and the logarithm of
the ratio of elevated to default atmospheric CO,
concentration. Nitrogen relations and senescence are
modelled mostly as for the coffee plants, except that
leaf senescence rate may be accelerated in case of
drought. Also, three of the six selected tree species fix
nitrogen, at a rate proportional to root growth. Root
growth is the model proxy for the true drivers of
N-fixation as both are stimulated under conditions of
high C-availability and high N-demand.



Agroforest Syst (2010) 80:361-378

367

Allocation is modelled more simply than for the
coffee plants in that no reproductive growth is
simulated, obviating the need for a phenology
algorithm. However, as for the coffee plants, alloca-
tion to roots increases relative to leaf allocation in
case of drought or N-deficiency, and allocation to
leaves also diminishes when LAI, approaches a
species-specific maximum.

Rainfall is intercepted by trees up to a species-
specific maximum level proportional to LAI, leaving
less water for interception by coffee plants and
infiltration into soil.

Soil

The soil submodel is a simple one-layer model, of
fixed depth, with eight state variables: carbon and
nitrogen in litter, unstable and stable organic matter
(kg C m™ 2 kg N m~?), mineral nitrogen (kg N m~?)
and water (kg m_z, assumed equivalent to mm
water). Two soil compartments of constant depth
are distinguished, representing the shaded and
unshaded parts of the field. The soil water, carbon
and nitrogen balance equations read as follows:

dWoi . . .
d—;ml = Water gain from rainfall minus
rainfall interception
— water loss by transpiration,
evaporation, drainage and run-off (5a)
dCsoi .
d—stml = C - gain from plant senescence,
thinning and pruning
— C - loss from decomposition of litter
and organic matter, and in run-off (5b)
dNsoi .
dstml = N - gain from plant senescence,

thinning, pruning, fixation and fertilisation
— N - loss by plant uptake, emission,

leaching, and in run-off (5¢)

where dW,;/dt is the change in soil water content
(kg m > d™"), dCyy/dr is the change in total soil
carbon in litter and organic matter (kg C m~2d™")
and dN,,/dr is the change in total soil nitrogen in
litter, organic matter and mineral N (kg N m 2 d_l).

Apart from the input of water by rain, irrigation
can be simulated, although irrigation is not common
in coffee agroforestry. Potential rates of transpiration
and evaporation are calculated by means of the
Penman formula (Penman 1948), taking into account
the effect of radiation interception by the plants on
partitioning of latent and sensible heat fluxes between
soil and vegetation. Actual rates of transpiration
depend on soil water content according to the site-
specific soil water retention curve. Run-off (mm d™")
is modelled as proportional to the daily rain not
intercepted by the canopy (mm d "), increasing from
zero on flat soil to complete run-off on vertical soil:

Runoff = rain - sin(s) - e % (LAl + LAL) (6)
where s (radians) is the slope of the field with respect
to the horizontal, and the final exponential term is
intended to capture the protective effect of coffee and
tree vegetation against run-off. Variation in the sine
of the slope accounts for 74% of the variance in the
soil loss data reported from erosion measurements in
Malaysian oil palm plantations (Hartemink 2005).
Rain that is not intercepted or run-off infiltrates the
soil. Drainage from soil to ground water is propor-
tional to the amount of soil water in excess of
saturation.

Carbon cascades from litter to unstable organic
matter to stable organic matter, with fixed time
constants and efficiencies for each conversion step,
following the simple soil model developed by Gou-
driaan (1990) and Goudriaan and Ketner (1984).
Nitrogen follows the same cascade, with some organic
N being lost at each conversion step and also by the
slow turnover of stable organic matter. The organic N
lost contributes to the soil mineral nitrogen pool. Input
to the soil pools is from aboveground litter fall, adding
to the litter pool, and from root senescence, directly
adding to the pool of unstable organic matter (Gou-
driaan 1990). The availability of N to the plant may
also be increased by nitrogen fixation if the trees have
that capacity. Mineral N is depleted by uptake by the
coffee plants and the trees, by leaching and by
emission from the soil surface. N-leaching is propor-
tional to water drainage rate times soil mineral N
concentration, the proportionality constant being less
than one for soils that are still in the process of binding
mineral N to soil particles. N-emission also depletes
soil mineral nitrogen, at a rate that increases with the
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amount of soil water. Finally, soil organic matter,
including both C and N, may be lost by erosion at a
rate proportional to surface water run-off. This is not
modelled by means of the often used Revised
Universal Soil Loss Equation (RUSLE; (Renard et al.
1991)) because information on soils is generally too
limited in Central America to quantify its six param-
eters and default parameterisation leads to large
overestimates of erosion in Central America (Vahrson
1991). Instead, we use the following equation with
only one new parameter () to be fitted from observed
rates of soil loss:

X
Lossx = Runoff - T (7)

where Lossy is the loss of C or N from soil
(kg m2d Y, X is soil C or N content (kg m ), h
is soil depth (m) and r is the concentration ratio of C
or N from litter plus unstable organic matter in run-
off water to that in bulk soil ([kg kg_1 water]
[kg m~> soil]_l). A similar enrichment factor
approach was used by Starr et al. (2000) for model-
ling carbon loss from soils in Ohio. The division by
soil depth A converts soil C or N content per unit
surface area to that per unit soil volume.

Management

Various time-dependent management processes are
simulated. N-fertilisation is modelled as a direct
addition of mineral nitrogen to the soil. Pruning of
coffee plants is modelled as removal of a specified
fraction of all above-ground material. Coffee har-
vesting is complete removal of reproductive growth.
Tree pruning is modelled as a fractional removal of
foliage and branches, whereas tree thinning removes
complete trees. Materials removed by pruning and
thinning are assumed to add C and N to soil litter
except for the roots of thinned trees which add to the
unstable organic matter.

Competition between coffee plants and trees

With respect to light, the model is kept simple, with
tree crowns being assumed to be higher than the
coffee plants, so trees have first access to light. In
contrast, there is true competition for soil water and
mineral N, and the distribution of these resources
between the two species depends on their relative
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resource demands, the relative root system densities,
and the specific uptake capacities of the root systems.

Spatial dynamics

The shaded part of the field increases in size when the
tree crowns expand, until the whole field is shaded.
Conversely, the shaded area decreases each time trees
are pruned or thinned. Because all state variables in
the model are expressed with regard to either shaded
or unshaded ground area, they need to be recalculated
whenever the shaded area changes in size. We
derived (Appendix 2) the following differential equa-
tion that keeps track of the recalculation for any state
variable x:

dxi/dt = Max[O,dA,»/dt/Ai] * ()Cj — Xi) (8)

where x; (having units of x m_z) is the value of the
variable in one part of the field, e.g. the shaded area
A; (mz), and where x; is the value in the other part.
Because the model is numerically solved with a daily
time step, the changes dx/d¢r and dA/dt are calcu-
lated as difference equations rather than differential
equations.

Simulations and discussion

Default settings of parameters and growing
conditions for simulations

A literature review of quantitative information on
coffee agroforestry systems (Van Oijen et al. 2010)
has shown that data availability for model parameteri-
sation is limited—and the values that have been
reported are often highly inconsistent. Neither for
coffee, nor for any shade tree species, is comprehen-
sive information available. For initial model parame-
terisation we thus chose where possible average values
of the parameters listed by Van Oijen et al. (2010,
Tables 1-3), extended with guesses for the missing
parameters. In a follow-up paper, we shall examine
how novel methods of model calibration using mea-
surements of growth and production rather than of
parameters directly (Van Oijen et al. 2005), can be
used to infer probable values of poorly measured
parameters—and perform an uncertainty analysis.
The default system we simulated was a coffee
agroforestry system growing under the Turrialba
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weather conditions described above, on soils with a
slope of 5% and with initially 113 ton ha~' carbon
and 10 ton ha™" nitrogen in the root zone, fertilised
with 150 kg N ha™' y~!, and with 250 shade tree-
sha™! (thinned to half that after 2.7 years, and
annually pruned) of a generic N-fixing species with
parameter values averaged over the leguminous trees
listed by Van Oijen et al. (2010, Table 2). The
default system thus does not represent any specific
existing coffee-tree combination—trees which are
average in all respects do not exist—but is chosen
only to provide a reference point for assessing the
impact of changes in the system. Also, we calculate
all ecosystem services for each simulated system,
even though in practice some services may not be
provided. For example, E. poeppigiana does not
provide timber as its wood is of low quality—but we
do calculate timber yield for systems that include the
species. Eight years of growth were simulated, from
1-6-1997 to 30-5-2005. We carried out three types of
simulation with the model:

(1) Simulations using the default system and a
system without shade trees;

(2) Simulations with one environmental factor
modified or shade tree species substituted;

(3) Simulations with weather conditions of different
sites in Central America.

Simulations using the default system,
with and without shade trees

Predictions of the model for the default system, and a
similar one without trees, are shown in Figs. 2 and 3
and in the top two rows of Table 1. The first coffee
bean yield is at the end of the 3rd year, 2000 (Fig. 2).
Yields then vary between years, because of changes
in plants, soil and weather, averaging around 2 tons
dry matter ha~'y~!, with about 20-30% higher
yields in the full-sun system. Lower yields under
shade than in full sun have been reported for Costa
Rica and Brazil by Fournier (1988) and Campanha
et al. (2005). Note that the yield value of 1.32 ton dry
matter ha~' y~' given in Table 1 is the average over
all 8 simulated years. Wood volume increases
continuously from the start except for the thinning
event after 2.7 years. Soil carbon decreases initially
but stabilises when regular tree prunings—absent in
the full-sun system—commence. The prunings also

cause the jagged pattern over time of tree LAI The
dry season causes a drop in soil water content early
each calendar year, but overall the dry season in
Turrialba is relatively mild and has little impact on
coffee and tree LAIL

Figure 3 shows the soil nitrogen and water balance
of the default and full-sun system. The dominant
influx of nitrogen is that by fertilisation, with fixation
and litter fall (including pruning) being of minor
importance. The major losses of N from the soil are
through leaching—28% higher in the full-sun system
than in the default system, consistent with the
findings of (Nair et al. 1999)—and plant uptake,
with only minor volatile N-emission to the atmo-
sphere. Kass et al. (1999) confirm that not enough
N,O is produced on shaded coffee farms to constitute
a greenhouse gas problem. The simulated values of
around 8 kg total N emission ha~' y~' compare well
with reported values of 4-6 kg N,O-N ha™' y~! for
coffee systems in Costa Rica without and with
L. densiflora (Hergoualc’h et al. 2008). The presence of
trees in the default system increases soil N-availabil-
ity, from N-fixing and litter/pruning, but N-uptake by
the coffee plants is still greater in the full-sun system.
The simulations of the N-cycle are qualitatively
consistent with observations (Babbar and Zak 1994,
1995), but our values of N-leaching are higher than
have been reported. This may be because our model
does not simulate persistent storage of N by adsorp-
tion to soil particles (Reynolds-Vargas et al. 1994),
but the strength of this mechanism is not well known.
Alternatively, given the high fertilisation rates of
coffee systems and the relatively minor removal of N
in harvests, the model may have correctly identified
the destination of the surplus N. Further studies of the
N-cycle, where all fluxes are measured in the same
system, are needed.

The use of the rain water—averaging 8.6 mm
d~'—is very similar in the default and full-sun
systems, with interception and transpiration equalling
0.7-0.8 and 2 mm d~' in both cases. Both vegeta-
tions provide sufficient soil cover to reduce direct soil
evaporation to <0.2 mm d~'. The largest flux by far
is that of drainage to the ground-water. Run-off is of
small importance because of the small slope angle of
5%. The simulations of the water cycle compare well
with the results reported by Van Kanten (2003), who
found average coffee transpiration to be less than
1 mm d™ " in full sun and under shade of E. deglupta,
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Fig. 2 Default simulations of plant and soil dynamics.

Continuous lines: agroforestry system with coffee grown under
250 trees ha™' of a generic N-fixing shade tree species under

E. poeppigiana and T. ivorensis, with the trees
transpiring at 0.9-2.1 mm d~'. Imbach et al. (1989)
also found that the largest water flux was that of
drainage, at 50-60% of the total in coffee with
C. alliodora and E. poeppigiana.

The full-sun system allows greater coffee yields,
but all other indicators are worse: there is no wood
production, carbon sequestration is reduced, and
losses of N and of soil are increased (Table 1).

Simulations with one environmental factor
modified

Besides the default system, we carried out 20 simu-

lations in which each time one different factor was
varied (Table 1). Six of these simulations replaced the

@ Springer

1998 1999 2000 2001 2002 2003 2004
Time

climatic and soil conditions as in Turrialba, Costa Rica.
Dashed lines: same conditions but without trees (full sun
system)

default generic shade tree with one of the six target
species of the study (C. alliodora, E. poeppigiana,
E. deglupta, G. sepium, L. densiflora, T. ivorensis). As
explained in Sect. “Simulations and discussion”, we
do not have full information on the differences
between these species, so we only had species-specific
parameterisation for wood density, leaf senescence
rate, leaf nitrogen content, tree allometry, SLA, light
extinction coefficient and whether the trees were
N-fixing or not (but all three N-fixers having the same
N-fixation capacity). With these species differences,
G. sepium growth was poorest whereas E. poeppigi-
ana and T. ivorensis grew best, with only T. ivorensis
having a major negative impact on coffee growth
(Table 1). Van Kanten (2003) also found that T. ivor-
ensis reduced coffee yield considerably more than
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Fig. 3 Average fluxes of nitrogen and water in the default
simulations for a coffee agroforestry system (right columns)
and a full-sun system without trees (left columns). a Soil
nitrogen balance, inputs to the soil shown above the mid-line
and outputs below. b Water budget, showing how rain water is
used in the system

E. peoppigiana and E. deglupta did. C-sequestration
was highest with the two fastest growing species and
with I densiflora. The three N-fixing species caused
higher rates of N-leaching and N-emission than the
non-N fixers.

Tree management aimed at restricting shade levels
(lower tree density, an extra thinning event, twice
yearly pruning) all increased coffee yield but at the
expense of wood production and with higher losses of
N and soil. Beer (1992) found that coffee yields

increased by 30% when reducing the density of
C. alliodora from 260 to 100 ha~'. Beer et al. (1997),
in a literature review, also found that runoff and soil
loss tend to be higher in full sun systems. A 100%
increase in N-fertilisation had little impact on the
simulations apart from a small increase in wood
production (10%), and a major increase in the N-loss
fluxes (about 70%).

Moving the system to a steeper slope (of 50%)
only affected the loss of soil markedly—sevenfold,
but the erosion level is still minor, consistent with
findings by Vahrson (1991). Other environmental
changes had more impact. Rain fall proved very
influential, and the simulations suggest that the
amount of rain in the Turrialba area is at the upper
range of what the system can handle. Doubling
of rain fall intensity hampered production and
C-sequestration, and caused higher losses of N and
soil. Perhaps surprisingly, increased rain fall reduced
N-emission from the soil, even though the soil was
more water-saturated. This effect was due to the
extra flow of water through the system reducing the
concentration of mineral N in the soil. The response
to temperature change was less unequivocal, with
the trees better able to handle 5°C warming than
the coffee plants. Finally, the impact of doubling
atmospheric CO, concentration was found to be the
only change that was beneficial on all accounts:
increased coffee and tree production and C-seques-
tration with lower losses of N and soil. An
additional simulation showed that at the doubled
CO, concentration, higher N-fertilisation rates could
be justified. For most of these changes in environ-
mental factors, no literature could be found to
compare with the simulations.

Simulations with weather conditions of different
sites in Central America

To more closely examine the importance of differ-
ences in weather, we ran the model for the 24 Central
American sites above 600 m altitude in the FAOC-
LIM weather database (Van Oijen et al. 2010). The
sites differ in all weather variables: temperature,
radiation, rain, wind, humidity. Monthly rain data
were converted to daily values using the rain fall
generator described in Appendix 1. All parameter
settings for coffee, trees and soil were maintained as
in the default system, so these simulations do not
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Fig. 4 Simulations for the default coffee agroforestry system
across 24 sites in Central America, using site-specific weather
data from the FAOCLIM database

provide a complete characterisation of true site
differences. The simulations generated widely vary-
ing coffee and tree yields for the 24 sites, with
differences in temperature and rain being the two
major drivers (Fig. 4). The simulations suggest that
optimal values of temperature and rain are 18-25°C
and 5-10 mm d ', with more sites being too dry for
tree growth than for coffee growth. Amaral et al.
(2001) cited the work of Nunes et al. (1968), who
reported a 10% reduction in dry matter production of
coffee per degree above 24°C under controlled
conditions, but they did not find clear effects of
temperature themselves.

Evaluation of model quality and data availability

Compared to crop modelling, agroforestry modelling
is still in its infancy. The model presented in this

paper is one of the first that simulates a tropical
agroforestry system. The model simulates the mass
balance of carbon, nitrogen and water fluxes through
a coffee agroforestry system. The model is kept
simple because, as the literature review showed, there
is insufficient empirical information available for
building a complex parameter-rich model. Further-
more, model simplicity enhances the chances that it
will ultimately become useful in decision-making—
and not remain purely a research tool like most
models developed for tropical systems (Matthews
et al. 2000). As indicated in the previous paragraphs,
model behaviour is generally consistent with the
available literature, which, however, is not extensive.

The simplicity of the model does imply that the
model is not responsive to various environmental
factors known to play a role in managed ecosystems,
such as weeds, pests and diseases, and deficiencies or
excesses of other elements than nitrogen. However,
the importance of these factors in coffee agroforestry
is not altogether clear, whereas the model is respon-
sive to factors of known importance such as shade
tree species choice and management, coffee manage-
ment, weather and soil conditions including nitrogen
availability.

The model also has limitations in that it does not
produce results for some important indicators of
the success of coffee agroforestry systems, such as
the quality of coffee beans and tree timber, and the
impact of management decisions on biodiversity (Dix
et al. 1999). However, the model is complex enough
to permit preliminary assessment of the trade-offs
between increasing coffee and tree productivity, and
between maximising productivity and limiting the
impact of the system on the environment.

For systems with shade trees, the model subdivides
space into two parts: the shaded and not shaded area
of the field. This is done dynamically, with the
shaded area increasing with tree crown growth and
decreasing with tree pruning (Fig. 1). A simpler
model could be envisaged, where only one area is
distinguished with a shade level equal to the whole-
field average. Alternatively, space could have been
subdivided into a fine grid of cells differing in tree
cover. Our model is a compromise between these two
extremes. The grid cell approach seemed unfeasible
given the scarcity of information about the horizontal
distribution of crowns and root systems (Van Oijen
et al. 2010). However, the single-area approach was
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possible and we investigated the sensitivity of our
model to that assumption by modifying the shade
projection of the trees. By assuming that shade
projects onto double the crown-covered area, most of
the field was shaded most of the time, in effect
reducing our model to the single-area option. This
choice led to a 25% increase in simulated coffee yield
because no parts of the field were too warm or too
dark. Data are lacking to decide whether spatial
heterogeneity may be ignored in this way, but the
simulations do suggest that it is better to have many
closely spaced well-pruned trees than a few trees with
dense foliage.

A phenomenon that is not reproduced by our
simulations (Fig. 2) is that of biennial growth (Can-
nell 1985), which is the alternation of years with high
and low bean production, possibly arising from
competition between reproductive and foliar growth.
However, the phenomenon has only been demon-
strated convincingly at the level of individual plants
and we were unable to find any publication showing
whole-field yield oscillation. Even coffee fields
without shade trees are often not homogeneous
because different rows are pruned each year, which
might obscure biennial growth patterns of individual
plants. Our model only simulated a biennial pattern if
we intensified the effect of reproductive growth on
foliage beyond competition for resources to actual
acceleration of leaf senescence. Without any evi-
dence that biennial growth is important at the field-
scale, it seemed prudent not to complicate the model
with this hypothetical mechanism.

At this stage in model development, a greater
weakness than that of model simplicity probably is
that of limited model testing against data. In this
paper, we showed various examples of how the
qualitative behaviour of the model is in accordance
with observations, but a rigorous test against detailed
data has not been performed, nor has the uncertainty
of model outputs been quantified.

Conclusions and outlook
Given the limited information available on coffee and

trees, only preliminary parameterisation of the model
developed here was possible. However, as indicated
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at various places in the previous section, model
behaviour seemed qualitatively consistent with the
literature on system productivity and the nitrogen and
water balance. The main preliminary conclusions we
might draw from the simulation results summarised
in Table 1 and Figs. 3—4 are the following:

Productivity and management

e Given that our simulation used typical or even
low values of fertilisation rate (Aguilar et al.
2001; Ramirez 1993; Ryan et al. 2001), coffee in
Central America is generally overfertilised. The
model results show that reduction in fertilisation
is generally possible without significant impact on
yield.

e N-fertilisation may be more beneficial to tree
wood volume production than to coffee yield.

e Coffee yield tends to decrease with tree density,
even if the trees are N-fixers. Tree pruning tends
to benefit coffee productivity but with some
decrease in tree productivity.

e In a comparison of six tree species, the N-fixers
E. poeppigiana, G. sepium and I. densiflora, and
the non-N fixers C. alliodora, E. deglupta and
T. ivorensis, the simulations identified E. poepp-
igiana and T. ivorensis as the species produc-
ing most wood (but note that the wood of
E. poeppigiana is considered to be of little
economic value), with only T. ivorensis signifi-
cantly hampering the growth of the coffee plants.

Biogeochemistry and impact on the environment

e The degree of N-leaching is very high in coffee
agroforestry systems and this is difficult to change
through any management activity other than
reducing N-fertilisation.

e The rate of N-fixation by leguminous trees is
generally only a minor flux in the overall
N-budget of the system, but large enough to have
a noticeable impact on productivity.

e The contribution of coffee agroforestry systems
to greenhouse gas production in the form of
gaseous N-emission is low, even at high levels of
N-fertilisation.
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e Carbon sequestration rates in coffee agroforestry
systems are not very high and are relatively
insensitive to management choices.

e Drainage of water to the groundwater is very high
in the systems, and only marginally smaller at
sites with steep slopes—where runoff rates are
higher than elsewhere.

e Soil loss increases with slope, but generally
remains of minor importance. High fertilisation
levels are of benefit as they guarantee large,
protective ground cover. Tree pruning decreases
ground cover and is likely to increase soil loss
rates but not to very high levels.

Impact of global change

e The expected future increase in atmospheric CO,
concentration is likely to make N-fertilisation
slightly more effective.

e Global warming, as calculated using the HadCM3
Global Climate Model, is expected to increase
temperatures in Central America by 3.3-4.4°C in
this century (Johns et al. 2003). Our simulations
of the impact of 5°C warming suggest that this
may decrease coffee yields significantly.

e Global warming is likely to hamper shade tree
growth.

Until more data are collected for model parameteri-
sation and testing, this list of preliminary conclusions
may best be treated as working hypotheses. However,
our simulations do suggest that the balance between
productivity and environmental impact of coffee
agroforestry systems in Central America can be
altered in many different ways—and a process-based
model can help make the various trade-offs transpar-
ent. Follow-up papers will focus on uncertainty
analysis using data from new field experiments in
Nicaragua, and on application of the model to
management optimisation in the Turrialba region of
Costa Rica.
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Appendix 1. Rainfall generator for Central
America

This appendix describes an algorithm for generating
time series of daily rainfall from monthly total
rainfall. The following figure shows the results of
365 consecutive daily rainfall measurements at
Heredia, Costa Rica (10.03°N, 84.14°W, 1180 m
altitude), from 1 April 2003 to 31 March 2004:
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The figure shows: (a) daily rainfall, (b) the 31-day
moving average, (c) the 31-day moving total of rainy
days. Average daily rainfall was 5.4 mm with a
standard deviation of 9.3 mm, and the total number
of rainy days (rain > 0) was 242. Nonlinear regres-
sion of (c) on (b) leads to an exponential relation
(r* = 0.90) for the fraction of days without rain as a
function of monthly total rainfall:
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fdry — 670.00872rain (Al)

where fg., is the fraction of days without rain in a
given period of 31 days (—) and Xrain is total rainfall
in the 31 days. The amount of rainfall on rainy days
follows a nearly exponential distribution with the
following cumulative density function:

P(I‘ain<x) = 1 — eix/rainwcl (AZ)

where P is the probability that rainfall is less than x
mm on a given rainy day and rainye, is the average
rainfall on a rainy day (mm), calculated as:

rainye = Xrain/ (31 (1 — fdry)). (A3)

These equations can be turned into a 5-step algorithm
for generating daily rainfall amounts from monthly
data: (1) Interpolate the monthly rainfall data to
generate a day-by-day time series, (2) Calculate the
corresponding time series of fg,, using Eq. Al, (3) For
each day, assume it is dry if a randomly chosen number
between 0 and 1 is less than f4,y, (4) For the remaining
days calculate the expectation value of rain using A3,
(5) For each rainy day, estimate the amount of rain as
the expectation value times minus the logarithm of a
randomly chosen number between 0 and 1.

Because the algorithm is stochastic it does not
reproduce any observed rain data exactly. However,
over 90% of generated time series for the Heredia
site, matched the observed mean and standard
deviation of daily rain fall, and the number of rainy
days in the year, within 5, 10 and 5%, respectively.
The effectiveness of the algorithm was further
verified using the rainfall data from the Turrialba site.

Appendix 2. Spatial dynamics: updating variables
when the shaded area changes

In agroforestry systems, the fraction of the field
shaded by trees increases when the tree crowns
expand and decreases when the trees are pruned or
thinned. In our model, the spatial dynamics of shade
require that the values of the state variables are
continuously updated. The state variables in the
model are all expressed per unit shaded or unshaded
surface area. When area changes from unshaded to
shaded, or vice versa, the state variables in the
expanding part of the field become “mixed” with the
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corresponding variables in the other part. Say A, and
A, are the sun- and shade-areas, X, and X, are fotals
of any state variable in these areas, and x; and x, are
the values of the state variable per unit area (x; = X,/
A;). For example, X and x may be coffee biomass (kg)
and coffee biomass density (kg m™?), respectively.
Then, the following statement from calculus applies:

dx;/dt = d(X;/A;)/dt = (A;dX;/dt — X,dA;/dr) /A?

If all changes in the x; are due to changes in shaded
area, we can eliminate the X; and rewrite the
statement in terms of x; and A; only:

dx;/df = Max[0, dA; /dt/A] * (x; — x;)

where x; is the state variable density in the part of the
field complementary to x;. If the x; also change
because of processes within the two areas (e.g. coffee
growth or senescence), we add terms for those
processes to the above formula for dx;/dr.

The above formula thus affords an easy means of
keeping track of changes in state variables in any
agroforestry model where two types of ground cover
are distinguished.

References

Aguilar A, Beer JW, Vaast P, Jimenez F, Staver C, Kleinn C
(2001) Desarrollo del cafe asociado con Eucalyptus de-
glupta o Terminalia ivorensis en la etapa de establecim-
iento. Agrofor en las Am 8:28-31

Amaral JAT, DaMatta FM, Rena AB (2001) Effects of fruiting
on the growth of Arabica coffee trees as related to carbo-
hydrate and nitrogen status and to nitrate reductase activity.
Revista Brasileira De Fisiologia Vegetal 13:66-74

Babbar LI, Zak DR (1994) Nitrogen cycling in coffee agro-
ecosystems: net N mineralization and nitrification in the
presence and absence of shade trees. Agric Ecosyst
Environ 48:107-113

Babbar LI, Zak DR (1995) Nitrogen loss from coffee agro-
ecosystems in Costa Rica—leaching and denitrification in
the presence and absence of shade trees. J Environ Qual
24:227-233

Barradas VL, Fanjul L (1986) Microclimatic characterization
of shaded and open-grown coffee (Coffea arabica L.)
plantations in Mexico. Agric For Meteorol 38:101-112

Beer JW (1992) Production and competitive effects of the
shade trees Cordia alliodora and Erythrina poeppigiana
in an agroforestry system with Coffea arabica. University
of Oxford, Oxford, p 230

Beer J, Muschler R, Kass D, Somarriba E (1997) Shade
management in coffee and cacao plantations. Agrofor Syst
38:139-164



Agroforest Syst (2010) 80:361-378

371

Bouman BAM, Van Keulen H, Van Laar HH, Rabbinge R
(1996) The ‘School of de Wit’ crop growth simulation
models: a pedigree and historical overview. Agric Syst
52:171-198

Campanha MM, Santos RHS, de Freitas GB, Martinez HEP,
Garcia SLR, Finger FL (2005) Growth and yield of coffee
plants in agroforestry and monoculture systems in Minas
Gerais, Brazil. Agrofor Syst 63:75-82

Cannell MGR (1985) Physiology of the coffee crop. In: Clif-
ford MN, Willson KC (eds) Coffee: botany, biochemistry
and production of beans and beverage. Croom Helm,
London, pp 108-134

Dauzat J, Rapidel B, Berger A (2001) Simulation of leaf
transpiration and sap flow in virtual plants: model
description and application to a coffee plantation in Costa
Rica. Agric For Meteorol 109:143-160

Dereffye P (1981) Random mathematical model and simulation
of growth and structure of the coffee tree Robusta. 1.
Study of behavior of meristems and growth of the vege-
tative axes. Cafe Cacao The 25:83-102

Dereffye P (1983) Random mathematical model and simulation
of growth and structure of the coffee tree Robusta. 4.
Programming of a 3-dimensional drawing of the structure
of a tree for a micro-computer—application to the coffee
tree. Cafe Cacao The 27:3-20

Dix ME, Bishaw B, Workman SW, Barnhart MR, Klopfenstein
NB, Dix AM (1999) Pest management in enery- and labor-
intensive agroforestry systems. In: Buck LE, Lassoie JP,
Fernandes ECM (eds) Agroforestry in sustainable agricul-
tural systems. CRC Press, Boca Raton, USA, pp 131-155

Driessen PM (1986) The water balance of the soil. In: Van
Keulen H, Wolf J (eds) Modelling of agricultural pro-
duction: weather, soils and crops. PUDOC, Wageningen,
pp 76-116

FAO (1995) FAOCLIM 1.2. A CD-ROM with a compilation of
monthly worldwide agroclimatic data. FAO, Rome, p 68

Farquhar GD, Von Caemmerer S, Berry JA (1980) A bio-
chemical model of photosynthetic CO, assimilation in
leaves of C3 species. Planta 149:78-90

Farre I, van Oijen M, Leffelaar PA, Faci JM (2000) Analysis of
maize growth for different irrigation strategies in north-
eastern Spain. Eur J Agron 12:225-238

Fournier LA (1988) El cultivo del cafeto (Coffea arabica L.) al
sol o a la sombra: un enfoque agronomico y ecofisiolog-
ico. Agron Costarricense 12:131-146

Franck N, Vaast P (2009) Limitation of coffee leaf photosyn-
thesis by stomatal conductance and light availability under
different shade levels. Trees-Struct Funct 23:761-769

Gifford R (1980) Carbon storage in the biosphere. In: Pearman
G (ed) Carbon dioxide and climate. Australian Academy
of Sciences, Canberra, pp 167-181

Gifford RM (2003) Plant respiration in productivity models:
conceptualisation, representation and issues for global
terrestrial carbon-cycle research. Funct Plant Biol 30:171-
186

Goudriaan J (1990) Atmospheric CO,, global carbon fluxes and
the biosphere. In: Rabbinge R, Goudriaan J, Van Keulen
H, Penning de Vries FWT, van Laar HH (eds) Theoretical
production ecology: reflections and prospects. PUDOC,
Wageningen, pp 17-40

Goudriaan J, Ketner P (1984) A simulation study for the global
carbon cycle, including man’s impact on the biosphere.
Clim Change 6:167-192

Hartemink AE (2005) Plantation agriculture in the tropics—
environmental issues. Outlook Agric 34:11-21

Hergoualc’h K, Skiba U, Harmand JM, Henault C (2008)
Fluxes of greenhouse gases from Andosols under coffee in
monoculture or shaded by Inga densiflora in Costa Rica.
Biogeochemistry 89:329-345

Hoglind M, Schapendonk AHCM, Van Oijen M (2001) Tim-
othy growth in Scandinavia: combining quantitative
information and simulation modelling. New Phytol
151:355-367

Imbach AC, Fassbender HW, Beer J, Borel R, Bonnemann A
(1989) Agroforestry systems of Arabica Coffee and
Laurel (Cordia-Alliodora) and of Arabica Coffee and Poro
(Erythrina-Poeppigiana) in Turrialba, Costa-Rica. 6.
Water balances, rainfall interception and lixiviation of
nutrients. Turrialba 39:400-414

Johns TC, Gregory JM, Ingram WIJ, Johnson CE, Jones A,
Lowe JA, Mitchell JFB, Roberts DL, Sexton DMH, Ste-
venson DS, Tett SFB, Woodage MJ (2003) Anthropogenic
climate change for 1860 to 2100 simulated with the
HadCM3 model under updated emissions scenarios. Clim
Dyn 20:583-612

Kass DCL, Thurston HD, Schlather K (1999) Sustainable
mulch-based cropping systems with trees. In: Buck LE,
Lassoie JP, Fernandes ECM (eds) Agroforestry in sus-
tainable agricultural systems. CRC Press, Boca Raton,
USA, pp 361-379

Keith H, Raison RJ, Jacobsen KL (1997) Allocation of carbon
in a mature eucalypt forest and some effects of soil
phosphorus availability. Plant Soil 196:81-99

Kropff MJ (1993) Mechanisms of competition for water. In:
Kropff MJ, van Laar HH (eds) Modelling crop-weed in-
tercations. CAB International, Wallingford, pp 63-76

Malhi Y, Baldocchi DD, Jarvis PG (1999) The carbon balance
of tropical, temperate and boreal forests. Plant Cell
Environ 22:715-740

Matthews R, Stephens W, Hess T, Mason T, Graves A (2000)
Applications of crop/soil simulation models in developing
countries. Cranfield University, Silsoe, UK, p iv 4+ iii +
173

Matthews R, Van Noordwijk M, Gijsman AJ, Cadisch G
(2004) Models of below-ground interactions: their valid-
ity, applicability and beneficiaries. In: Van Noordwijk M,
Cadisch G, Ong CA (eds) Below-ground interactions in
tropical agroecosystems. CAB International, Wallingford,
pp 41-60

Mobbs DC, Cannell MGR, Crout NMJ, Lawson GIJ, Friend
AD, Arah J (1998) Complementarity of light and water
use in tropical agroforests—I. Theoretical model outline,
performance and sensitivity. For Ecol Manag 102:
259-274

Muetzelfeldt RI, Sinclair FL (1993) Ecological modelling of
agroforestry systems. Agrofor Abstr 6:207-247

Muschler RG, Bonnemann A (1997) Potentials and limitations
of agroforestry for changing land-use in the tropics:
experiences from Central America. For Ecol Manag
91:61-73

@ Springer



378

Agroforest Syst (2010) 80:361-378

Nair PKR, Buresh RJ, Mugendi DN, Latt CR (1999) Nutrient
cycling in tropical agroforestry systems: myths and sci-
ence. In: Buck LE, Lassoie JP, Fernandes ECM (eds)
Agroforestry in sustainable agricultural systems. CRC
Press, Boca Raton, USA, pp 1-31

Nunes MA, Bierhuizen JF, Ploegman C (1968) Studies on
productivity of coffee. I. Effect of light, temperature and
CO, concentration on photosynthesis of Coffea arabica.
Acta Bot Neerl 1:93-102

Nygren P (1993) Simulation of the shading pattern of period-
ically pruned trees in agroforestry systems. Pesqui Agro-
pecu Bras 28:177-188

Penman HL (1948) Natural evaporation for open water, bare
soil and grass. Proc R Soc Lond, Ser A 193:120-146

Ramirez LG (1993) Produccion de café (Coffea arabica) bajo
diferentes niveles de fertilizacion con y sin sombra de
Erythrina poeppigiana (Walpers) O.F. Cook. In: Westley
SB, Powell MH (eds) Erythrina in the new and old worlds.
Nitrogen Fixing Tree Association, Paia, USA, pp 121-124

Renard KG, Foster GR, Weesies GA, Porter JP (1991) RU-
SLE—revised universal soil loss equation. J Soil Water
Conserv 46:30-33

Reynolds-Vargas JS, Richter DD, Bornemisza E (1994) Envi-
ronmental impacts of nitrification and nitrate adsorption in
fertilized Andisols in the Valle Central of Costa Rica. Soil
Sci 157:289-299

Rodriguez D, Van Oijen M, Schapendonk AHMC (1999)
LINGRA-CC: a sink-source model to simulate the impact
of climate change and management on grassland pro-
ductivity. New Phytol 144:359-368

Ryan MC, Graham GR, Rudolph DL (2001) Contrasting nitrate
adsorption in Andisols of two coffee plantations in Costa
Rica. J Environ Qual 30:1848-1852

Starr GC, Lal R, Malone R, Hothem D, Owens L, Kimble J
(2000) Modeling soil carbon transported by water erosion
processes. Land Degrad Dev 11:83-91

@ Springer

Vahrson W-G (1991) Taller de erosion de suelos: resultados,
comentarios y recomendaciones. Agron Costarric 15:197—
203

Van Kanten R (2003) Competitive interactions in agroforestry
systems: competitive interactions between Coffea arabica
L. and fast-growing timber shade trees in southern Costa
Rica. GTZ, Eschborn, Germany, p xii + 66

Van Noordwijk M, Rahayu S, Williams SE, Hairiah K,
Khasanah N, Schroth G (2004) Tree root architecture. In:
Van Noordwijk M, Cadisch G, Ong CA (eds) Below-
ground interactions in tropical agroecosystems. CAB
International, Wallingford, pp 83-107

Van Oijen M, Ewert F (1999) The effects of climatic variation
in Europe on the yield response of spring wheat cv.
Minaret to elevated CO, and Os: an analysis of open-top
chamber experiments by means of two crop growth sim-
ulation models. Eur J Agron 10:249-264

Van Oijen M, Dreccer MF, Firsching K-H, Schnieders BJ
(2004) Simple equations for dynamic models of the
effects of CO, and O; on light-use efficiency and growth
of crops. Ecol Model 179:39-60

Van Oijen M, Rougier J, Smith R (2005) Bayesian calibration
of process-based forest models: bridging the gap between
models and data. Tree Physiol 25:915-927

Van Oijen M, Dauzat J, Harmand J-M, Lawson G, Vaast P
(2010) Coffee agroforestry systems in Central America: 1.
A review of quantitative information on physiological and
ecological processes. Agrofor Syst (submitted)

Von Gadow K, Hui G (1999) Modelling forest development.
Kluwer, Dordrecht, The Netherlands, vii + 213 pp
Young A (1997) Agroforestry for soil management, 2nd edn.

CAB International, Wallingford, vii + 320 pp



	Coffee agroforestry systems in Central America: II. Development of a simple process-based model and preliminary results
	Abstract
	Introduction
	A dynamic model for coffee agroforestry systems
	The system
	Overall model structure and implementation
	Weather data
	Microclimate
	Coffee growth and production
	Trees
	Soil
	Management
	Competition between coffee plants and trees
	Spatial dynamics

	Simulations and discussion
	Default settings of parameters and growing conditions for simulations
	Simulations using the default system, with and without shade trees
	Simulations with one environmental factor modified
	Simulations with weather conditions of different sites in Central America
	Evaluation of model quality and data availability

	Conclusions and outlook
	Productivity and management
	Biogeochemistry and impact on the environment
	Impact of global change

	Acknowledgments
	Appendix 1. Rainfall generator for Central America
	Appendix 2. Spatial dynamics: updating variables when the shaded area changes
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


