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ABSTRACT. The need for analysis of terrestrial vegetation interactions and interannual climate variability such as the ENSO is para-
mount as terrestrial vegetation is an important boundary condition for the climate system, and is the primary interactive surface for the
atmosphere. Contemporary investigations have been focusing on non-synergistic investigations to approach this within the Earth Sys-
tem bar a few. A complete understanding of these interconnective processes within the Earth System is impossible without the
synergistic approach involving the incorporation of remotely sensed data. This paper follows on the research of Manobavan et al.
(2003), who using a synergistic approach showed/hypothesised that terrestrial South American vegetation may have become resilient to
interannual climatic perturbations by the EI Nifio Southern Oscillation (ENSO). This paper further explores this possibility via simula-
tions performed using the Hybrid Version 4.1, which was conditioned to incorporate ENSO related climatic variability. The results of
this simulation modelling exercise support this hypothesis and show that the interannual perturbations such as the ENSO enhance the
homeostatic property of the system rather than hinder it within its geophysiological limits. Moreover, this paper combines modelling
and geophysiology thus attempting to provide a ‘holistic’ mechanistic explanation to the speculated behaviour of the terrestrial vegeta-

tion under perturbation by the ENSO.
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1. Introduction

Anthropogenic forcing of the Earth’s climate system
through the release of greenhouse gases such as carbon diox-
ide (CO,) into the atmosphere has resulted in the need for
understanding the likely impacts of any future climate
changes on the Earth System (Claussen et al., 2001; IPCC,
2001). The land surface is an important boundary condition
for the climate system, and vegetation the primary terrestrial
interactive surface for the atmosphere (Friend and White,
2000). Therefore the need for analysis of land sur-
face-vegetation interactions and climate is paramount. Of
particular concern in this regard is the shift of the EI Nifio
Southern Oscillation (ENSO), which is the largest known
interannual climatic variability mechanism at global scales
(Dawson and O’Hare, 2000), to frequent warm (El Nifio) epi-
sodes. This shift is attributed to enhanced global warming
(IPCC, 2001) and is expected to influence terrestrial processes
on a wider scale (Knorr, 2000).

Previous modelling studies have reported a reduction in
terrestrial photosynthetic biomass corresponding to El Nifio
events (e.g. Cox et al., 2000; Knorr, 2000; Ni, et al., 2000). A
‘notable feature’ of these investigations is the lack of integra-
tion of real-world data for the terrestrial systems. As Plummer
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(2000) observes, any understanding of terrestrial ecosystem
processes is limited without use of remotely sensed data.
However, remote sensing studies in the past have tended to
focus on the derivation of biophysical parameters in terrestrial
ecosystems (e.g. Hansen and Schjoerring, 2003; Boyd and
Duane, 2001) or in investigating the relationship between
climatic patterns and remotely sensed terrestrial vegetation
data (e.g. Wellens, 1997; Li and Kafatos, 2000), often without
reference to terrestrial ecological processes. Similarly,
ecological process studies in Earth System Science have
generally been undertaken without reference to remote sens-
ing (e.g. Woodward et al., 1995; Haxeltine and Prentice, 1996;
Xiao et al., 1998; Potter and Klooster, 1999; Peng, 2000). It is
emphasised that an approach that involves the synergistic
application of these two disciplines is necessary to enable a
better understanding of the Earth System (Plummer, 2000).
Moreover, as Lovelock (1995) emphasizes, the most appropri-
ate way forward towards developing a much more
comprehensive understanding of the Earth System is through
‘geophysiology’, which is looking at the interconnected proc-
esses within the Earth System from a physiological perspec-
tive.

A recent example of an attempt towards a synergistic ap-
proach to understand terrestrial vegetation responses to in-
ter-annual climatic forcing, is the study by Manobavan et al.
(2003) which was based on time-series modelling of National
Oceanographic and Atmospheric Administration (NOAA)
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Advanced Very High Resolution Radiometer (AVHRR)
Normalized Difference Vegetation Index (NDVI) data for
terrestrial South America. They established that the South
American vegetation could have become resilient to ENSO
perturbations over time. The findings of Manobavan et al.
(2003) are supported by Arora (2003). However, the
investigation of Manobavan et al. (2003) does not explain the
how the resilience could have arisen in terms of vegetation
dynamics from a mechanistic-geophysiological perspective.

In that respect, this paper builds on the work of Manoba-
van et al. (2003) and attempts to explore the possibilities of
increased resilience in the terrestrial South American vegeta-
tion by coupling ENSO related climatic variability to a
simulation model (Hybrid Version 4.1). The Hybrid Version
4.1 (Friend and White, 2000), is a mechanistic vegetation
simulation model capable of simulating the transient nature of
climate and ecosystem interaction as opposed to the
contemporary approach of modelling systems that are in
equilibrium with a particular climate and atmospheric CO,
concentrations (e.g. Woodward et al., 1995; Xiao et al., 1998).
The novel aspect of this research involves the aim that is three
fold: (i) coupling ENSO related climatic variability to a
vegetation simulation model, (ii) use of a simulation model to
explore the hypothesis generated by a previous study based on
time-series modelling of remotely sensed terrestrial vegetation
data, and (iii) expanding on past Earth Systems research thus
developing on the synergistic approach further.

It should be noted that previous geophysiological re-
search into the coupling of vegetation and climate has mainly
concentrated on the development of theoretical mathematical
models (e.g. Svriezhev and von Bloh, 1997) of the tutorial
genre, or further developments that dealt with investigating
the evolution of terrestrial systems from a Darwinian perspec-
tive (e.g. Lenton and Lovelock, 2000). A common feature of
these studies is that whilst stressing the need for synergistic
approach in the natural world to investigate possible respon-
sive mechanisms, they themselves did not address real-world
Earth System scenarios. Hence, this investigation differs from
previous geophysiological research as it focuses on a
real-world scenario and builds upon work that involved the
analysis of real-world terrestrial vegetation data.

2. Methodology

The Hybrid Version 4.1 is a combination of a gap model
(whose dynamics are determined by the physiological proc-
esses at the individual tree level) and an ecological process
model (whose dynamics are defined mostly by interspecies
competition at the forest gap level) which is capable of
simulating the transient behaviour of the terrestrial vegetation
when subjected to natural or anthropogenic perturbations
(Plummer, 2000). It is one of the most detailed “forest gap’
models class of process models; the only model without
pre-determined vegetation types, as it generates its own
temporal spread of vegetation types via gap, and competition
dynamics that are incorporated within (Bossel, 1991). A full
description of the original Hybrid model and its applications

into the analysis of forest dynamics is described by Friend et
al. (1993). Improvements to the original Hybrid model have
illustrated the application of the Hybrid version 3.0 to study
terrestrial ecosystem processes at the regional level (Friend et
al., 1997) and on much larger scales at the global level (Friend
and White, 2000) using the Hybrid Version 4.1. An attractive
feature from the point of this paper is that the Hybrid Version
4.1 requires minimal or no additional site-specific parame-
terization excluding that of the climate (Friend and White,
2000). Hence, this provides a ready to use comprehensive
simulation-modelling tool that enables scenarios of in-
ter-annual climatic perturbations be tested for transient terres-
trial vegetation systems, without any time consuming pre-
processing (please refer to Table 1 for a description of the
vegetation processes treated by the Hybrid v4.1 and the ap-
proaches taken).

Table 1. The Essential Vegetation Dynamics Components/
modules of Hybrid v4.1 as Inferred from Friend and White
(2000)

Process Approach

Gap model (individuals compete for light,
water and nitrogen)

Vertically explicit, horizontally
homogeneous leaf: Farquhar biochemistry

Canopy: optimisation
Nitrogen and empirical models

Competition

Photosynthesis

Maintenance and
growth respiration

Stomatal
conductance

Transpiration
Nitrogen uptake

Empirical function

Plot conductance end energy balance
Demand/supply hypothesis

Phenology Heat-sum and day length
Litter production ~ Empirically based
Allocation Optimised foliage area
Fixed foliage/sapwood area ratio
Fixed foliage/fine root ratio
Tree shape Fixed diameter/ height allometry and form

factors
Century model (empirical)
Three layer scheme

Decomposition
Plot hydrology

Simulations were performed for a hypothetical terrestrial
system that has a similar mean annual climate to the terrestrial
South America. The terrestrial vegetation system was consid-
ered to be populated with four plant functional types, namely
broadleaf evergreens, broadleaf dry-deciduous trees, Cs;
grasses and C, grasses. These are identified to be as the main
plant functional types of terrestrial South America (Cox et al.,
2000; Friend and White, 2000). In other words the terrestrial
system considered in this modelling study could be regarded
as a simplified version of terrestrial South America that has
the essential elements in terms of vegetation composition and
climate. It should be noted that the other factors such as soil
types; terrestrial hydrology and local physical geographical
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processes were not considered in this investigation, as the
principal aim of this project is to show how resilience to
ENSO could have arisen and not to create a model of terres-
trial vegetation dynamics of South America.

The simulations assume an increase in atmospheric CO,
prescribed by the IPCC IRS92a scenario series (IPCC, 2001),
which is neither an optimistic nor a pessimistic estimate of
elevated anthropogenic CO, concentrations. From the
perspectives of a terrestrial system, soil carbon can take
centuries to reach equilibrium with vegetation and climate
(Friend and White, 2000), this would demand running the
model for thousands of years to get it reach a steady state.
Friend and White (2000) used the pre-industrial estimated
equilibrium mean soil carbon content calculated by Post et al.
(1982), to initialise the simulation. Similarly, they used global
mean nitrogen values estimated at pre-industrial levels by
Stedman and Shetter (1983). The same approach was fol-
lowed here, thus reducing simulation time. Initializing car-
bon/nitrogen in this manner speeds up the convergence to-
wards model equilibrium (Friend and White, 2000), and it

does not constrain the model by altering the equilibrium levels.

A baseline period is needed to define the observed climate
with which climate change information is usually combined to
create a climate scenario. When using the model results for
scenario construction (or evaluation), the baseline period also
serves as the reference period from which the modelled future
change in climate is calculated (IPCC, 2001). Hybrid Version
4.1 has a stochastic weather generator as described by Friend
(1998) that gives the possibility of using mean monthly cli-
matic variables as input. Furthermore, for locations where
ENSO signals are strong, weather generators can be success-
fully conditioned on ENSO phases and therein lays the poten-
tial for creating scenarios with changes in the frequency and
amplitude of the ENSO events (IPCC, 2001). By conditioning
on phases, either discretely (Wang and Connor, 1996) or
continuously (Woolhiser et al., 1993), modelling can be per-
formed to incorporate changes in the frequency and persis-
tence of such events.

The baseline climate was created from mean annual cli-
matic data for central Amazonia obtained from the literature
published by Gash et al. (1996). A mean monthly data set for
a hypothetical year was created as inferred from the above
authors. The year’s data was then repeated to create a ‘norm’
climatic data set. This data set assumes no interannual fluctua-
tions influenced by ENSO and only shows seasonal fluctua-
tions (as expected) for the climatic variables on the annual
scale. Three separate story lines!, referred to as the ‘norm’,
‘actual’ and ‘severe’ were considered in the scenario develop-
ment exercises for the analysis using the Hybrid Version 4.1
model. First, the scenarios based on the ‘norm’ climatic data
set that assumes no interannual climatic variability. Second,
the climatic scenarios based on the temporal analogues that

1 A narrative description of a scenario, which highlights the main
scenario characteristics, relationships between key driving forces and
dynamics.
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incorporate the trends in the ENSO as inferred from the SOI?
values published by the University of East Anglia (United
Kingdom), which will be referred to as the ‘actual’ story line
from this point onwards. Thirdly, scenarios created by incur-
porating a synthetic SOI time-line to the ‘norm’ data set (after
Manobavan and Lucas, 2003). The synthetic SOI series
assumes increased frequency and amplitudes in the ENSO and
hence this story line will be referred to as ‘severe’.

3. Results and Discussion

The annual trends in the SOI trends are compared with
the system’s total biomass time-series output for the ‘actual’
climate scenario simulation in Figure 1. A two point moving
average smoother was applied to the biomass output series to
enable clear depiction of the changes in the system response
to ENSO variability. As expected, the effects of the stress
imposed by the El Nifio events of the 1982/83, 1986/87,
1991/92 and 1997/98 can be observed (via decreasing bio-
mass values), which, on an annual will look as if it is
contradicting the hypothesis put forward by Manobavan et al.
(2003). However, it should be emphasised that the modelling
assumes that the ENSO variability continues to perturb the
vegetation, therefore the model output(s) will show similar
trends as exhibited by the climatic data that is used to drive
the simulations. This in a sense illustrates the need for a much
more holistic approach, where the results should be looked
from a geophysiological perspective and the need for the
‘human’ consensus when it comes to arriving at conclusions
(IPCC, 2001; Claussen et al., 2000).

Furthermore, due to the complexity of the Earth System,
the contemporary analytical methods are incapable of provid-
ing for all the possibilities that need to be incorporated and it
is inevitable in the modelling science to sacrifice some factors
in order to enable better understanding regarding the
connectivities of the variables of concern. This is called
parameterisation in modelling science. It should be stressed
that models are only abstracts of the reality and modelling
should never (ever) be confused with prediction and/or the
contemporary null-hypothesis testing approach prescribed to
by geo-statisticians.

However, cleverly parameterised (e.g. The Daisy World
Model, Watson and Lovelock, 1983) models can be effec-
tively used to understand plausible conditions of the Earth
System’s future (IPCC, 2001), where different scenarios can
be used in conjunction with results based on analysis of
real-world data to understand the complete ‘story’. Figure 2
compares the changes in the terrestrial system’s Leaf Area
Index® (LAI) for the system of concern under the ‘norm’ and

2 301 is the accepted indicator of the phase and amplitude of the
ENSO cycle (Rasmousson, 1985). Negative SOI values denote warm
(El Nifio) and positive values the cold phases (La Nifia) of the ENSO.

3 Leaf Area Index is defined as the area of foliage per unit area of
ground. This refers to the ratio of the area of the upper side of the
leaves in a canopy projected onto a flat surface to the area of the
surface under the canopy.
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Notes: The thick black solid line shows the biomass series (smoothed using a 2 point moving average to
enable interannual trends to become prominent) and the grey line shows the SOI time-series. EI Nifio events
are marked for reference (a. El Nifio of 1982/83, b. El Nifio of 1986/87, c. El Nifio of 1991/92, d. El Nifio of

1997/98).

Figure 1. A comparison of the temporal trends in the terrestrial system’s biomass for the ‘actual’
climate scenario (thin solid line) with the yearly SOI time-series (grey line) for the period from
1982 till 2002.

Increased Resilience?

6 - —_—norm’ e actual’

Leaf Area Index
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Figure 2. A comparison of the temporal trends in the terrestrial vegetation system’s LAI for
the ‘norm’ (black line) and “actual’ (grey line) storylines.
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Notes: The grey line shows the changes in the biomass of the broadleaf evergreen trees and the black line the
broadleaf dry deciduous trees. . El Nifio events are marked for reference (a. El Nifio of 1982/83, b. El Nifio of

1986/87, c. El Nifio of 1991/92, d. EI Nifio of 1997/98).

Figure 3. Comparisons of the temporal trends (‘smoothed’ using a 2 point moving average smoother to
enable prominence to interannual trends) in the terrestrial system’s plant functional type biomass for the

‘actual’ climate scenario.

‘actual’ storylines. The general increases in the system’s LAI
post 1980 (especially after 1990), is evident in the actual
conditions storyline. Thus, the simulation supports the mod-
elled NDVI trends by Manobavan et al. (2003) and this is an
indication of the terrestrial system adjusting itself to interan-
nual perturbations. Consequently, from a systemic perspective
it can be inferred that cyclical perturbations (quasi-random
ENSO fluctuations in this sense) are a necessity to initiate the
process of terrestrial vegetation change and/or evolution,
which is needed to retain the equilibrium of the system as a
whole. El Nifio events are considered to induce droughts in
this investigation (so as in the case of Amazonia), which could
have resulted in a reduction of photosynthetic biomass in the
terrestrial vegetation (hence the decreases in NDVI/ LAI val-
ues).

In the ‘actual’ climate storyline El Nifio events are
considered to induce droughts, which impose water-related
stress in the vegetation components of the terrestrial system.
This in turn will be reflected in the composition of the plant
functional types. Water stress will induce leaf senescence and
leaf shedding. The broadleaf dry-deciduous trees are very
sensitive to such drought conditions and show low
LAl/biomass values (due to leaf shedding) during El Nifio
periods. Figure 3 compares the changes in the plant functional
types over the period of investigation which shows a decrease
in the biomass of broadleaf dry deciduous trees corresponding
with (and/or soon after) the EI Nifio years of 1982/83,
1986/87, 1991/92 and 1997/98.

It should be noted that the C; and C, grasses were ob-
served to be less dominant and were simulated to have
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negligible biomass values. This can probably be explained by
the fact that the hypothetical area of investigation assumes a
climate that is similar to the Equatorial South America, which
is generally subjected to high precipitation levels and will be
an unfavourable environment to the grasses for under wet
conditions, trees are able to shade grasses thus shunting their
growth, and in drought conditions are able to reach deeper soil
water (Friend and White, 2000).

However, the persistence and longevity of the system un-
der these interannual climatic perturbations is an issue that
needs further exploration. A simulation assuming the ‘severe’
climatic scenario was performed for 1000 years. Figure 4
compares the temporal trends in the terrestrial system’s bio-
mass for the ‘severe’ climate storyline with the ‘norm’ climate
storyline under the 1S92a atmospheric CO, concentration esti-
mates for the period from 1873 till 2600. In both story lines,
the system is simulated to be collapsing around the year 2380
(2378 AD under the ‘norm’ storyline and on the year 2380 for
the “severe’ storyline). Which could be attributed to the terres-
trial vegetation system exceeding its limits of tolerance
(and/or geophysiological limits) to the increases in atmos-
pheric CO, concentrations around that period. This (partially)
supports the hypothesis put forward by Cox et al. (2000), who
predict an Amazon ‘die-back’ by year 2050. It should be noted
that this investigation and the Cox et al. (2000) study do not
account for dynamical spatial changes in the terrestrial
vegetation spreads which could induce feedbacks to retain the
stability (and the persistence) of the system (Lenton, 1998).
Therefore, without further consideration of such spatial
re-arrangements the ‘die-back hypothesis’ cannot be agreed
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Figure 4. A comparison of the temporal trends in the terrestrial system’s biomass for the ‘severe’ climate
storyline (black line) with the norm climate storyline (grey line) under present atmospheric CO, trends

for the period from 1873 till 2600.

upon fully. However, the fact that there will be a definite end
to this terrestrial vegetation system (sooner or later) cannot be
contested. If not, it will be functioning entirely against the
very basic principles of geophysiology (Lovelock, 1995, 1979;
Lenton, 1998) and mathematical ecology, which prescribe that
‘no system persists forever’. Which in other words indicates a
definite beginning and an end to a system’s existence. Conse-
quently it can be argued that the results presented in Figure 4
are an indication of these basic concepts, as this is a model-
ling study the results cannot be considered as predictions but
as illustrations/indications of the plausible future conditions of
the system.

In other words, the relative high biomass values under
the ‘severe’ storyline underline the effect of interannual cli-
matic variability in stabilising the system within its geophysi-
ological limits. From a systemic point of view it can be ar-
gued that the homeostasis or robustness/resilience of a system
thrives on randomness, fluctuations or ‘noise’ (Heylighen,
2001; Ramakrishna, 2003). In this case, the increases in the
ENSO phase and amplitudes over time, enhancing the homeo-
static processes within the system. However the prime limit-
ing factor here is the atmospheric CO, concentration which
acts to limit terrestrial vegetation growth. This implies that at
present increasing CO, concentration trends, there is a
possibility that the system could possibly collapse around/or
after the 2370s.

Cao and Woodward (1998) state that, an increase in the
atmospheric CO, will initially increase global net ecosystem
production significantly, but that this response will decline as
the fertilisation effect becomes saturated and is diminished by

climatic factors. Further more, these anthropogenically in-
duced increases in the atmospheric CO, may make a further
negative contribution to the derangement of the Earth System,
by inducing a physiological response of the global vegetation
- a reduced stomatal conductance, which suppresses transpira-
tion (Sellers et al., 1996). Moreover, a CO, enriched atmos-
phere and the corresponding change in climate may also alter
the density of vegetation cover, thus modifying the physical
characteristics of the land surface to provide yet another cli-
mate feedback (Betts, 2000). Further developments along
these lines are impossible without proper consideration of the
respective spatial-temporal mechanisms involved, which is
beyond the scope of this paper.

4, Conclusions

An investigation of simulating terrestrial vegetation re-
sponses to ENSO related inter-annual climatic variability us-
ing a mechanistic vegetation model is presented in this paper.
Simulations were performed for a hypothetical terrestrial sys-
tem similar to terrestrial South America (that has a mean cli-
mate that is similar to that of central Amazonia) further con-
firm the possibility that the vegetation could have become
resilient to ENSO over time. This can be attributed to the
fertilization effect induced by the increasing atmospheric CO,
concentrations. It is also seen that whilst inducing the in-
creased vegetation activity, the atmospheric CO, concentra-
tions also act as a limiting factor, as the system is simulated to
be collapsing once it exceeds its limits of tolerance to in-
creases in CO, concentrations. This also adds to the argument
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that the homeostasis or robustness of a system thrives on
randomness, fluctuations or ‘noise’ which implies that these
kind of random shocks are necessary for the stability and
persistence of the terrestrial vegetation system.

Simulations also illustrate that the terrestrial vegetation
system tries to absorb inter-annual shocks by adjusting its
vegetation components in the temporal domain (Figure 3) thus
providing a mechanistic explanation to the geophysiological
behavior of the terrestrial vegetation system. A change in the
composition of the plant functional types is observed during
El Nifio years, where the biomass of the broadleaf dry decidu-
ous trees decreases. This in other words, indicates that the
simulated terrestrial vegetation system responds to in-
ter-annual climatic variability by re-arranging its components
in the temporal domain, through a process where ‘natural
selection’ could determine the dominance of a functional type
(Lenton, 1998). El Nifio induced droughts can be visualized as

the natural selective mechanism from the context of this paper.

This could lead to ecological succession that may involve the
onset of regulatory feedbacks (Hamilton, 1996). These inter-
nal changes in the terrestrial vegetation system, involving
feedbacks on plant functional type growth and natural selec-
tion, may in turn drive changes in climate (Lenton, 1998).
However, these arrangements and re-arrangements in the
realistic sense will happen through space and time. It should
be once again noted that the Hybrid Version 4.1 is incapable
of simulating the spatial processes. Furthermore, it is stressed
that the concepts of natural selection, change and/or evolution
should be looked from a geophysiological perspective for
terrestrial systems, rather than the species level view which is

often adhered to by ecologists and biologists (Lovelock, 1995).

Further discussion along these lines is beyond the limits of
this paper.

A new term, ‘geophysiological limits’ is introduced in
this paper. Lovelock (1995, 1979), in his classical works
pertaining to the development of Earth System Science
emphasises on the need for the emergence of the field of geo-
physiology, which is the study of the processes within the
Earth System from a physiological context. In biology, any
living system or organism is said to have a lower and upper
limit of tolerance for any environmental variable that affects
its physiology, which is defined as the physiological limit for
that particular variable. Based on these, the term
‘geophysiological limits’ is proposed. Which, in other words,
explains that for a particular terrestrial system there are geo-
graphical limits within which it can exist (e.g. the woodlands
dominated by Teak - Tectona grandis can only grow in tropi-
cal regions near the equator) and that, there are certain physio-
logical limits to the components of the said system from a
biological perspective (e.g. Tectona grandis cannot survive in
sub-zero temperatures). It should be noted that the geographi-
cal and physiological limits to a particular organism are
interconnected where the latter determines the extent of the
former.

In conclusion, this paper detailed the application of the
Hybrid Version 4.1 as an analytical tool to investigate terres-
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trial vegetation dynamics to ENSO perturbations from a
comprehensive  mechanistic-geophysiological  perspective.
The hypothesises put forward by previous research were fur-
ther explored in this paper and, this in a sense stresses the fact
that a holistic understanding of the Earth System can only be
possible through a synergistic interdisciplinary approach.
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