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Recent observations of widespread changes in mature tropical forests such as increasing tree growth,
recruitment and mortality rates and increasing above-ground biomass suggest that ‘global change’ agents
may be causing predictable changes in tropical forests. However, consensus over both the robustness of
these changes and the environmental drivers that may be causing them is yet to emerge. This paper
focuses on the second part of this debate. We review (i) the evidence that the physical, chemical and
biological environment that tropical trees grow in has been altered over recent decades across large areas
of the tropics, and (ii) the theoretical, experimental and observational evidence regarding the most likely
effects of each of these changes on tropical forests. Ten potential widespread drivers of environmental
change were identified: temperature, precipitation, solar radiation, climatic extremes (including El Nino—
Southern Oscillation events), atmospheric CO, concentrations, nutrient deposition, Os/acid depositions,
hunting, land-use change and increasing liana numbers. We note that each of these environmental changes
is expected to leave a unique ‘fingerprint’ in tropical forests, as drivers directly force different processes,
have different distributions in space and time and may affect some forests more than others (e.g. depending
on soil fertility). Thus, in the third part of the paper we present testable a priori predictions of forest
responses to assist ecologists in attributing particular changes in forests to particular causes across multiple
datasets. Finally, we discuss how these drivers may change in the future and the possible consequences
for tropical forests.
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1. INTRODUCTION

Over the past century virtually all ecosystems on Earth
have come under increasing human influence. This has
been through direct contact and transformation (e.g. for
farming, through hunting or the use of fire), the effects of
habitat fragmentation, the production of pollutants (e.g.
tropospheric O;) or the substantial alteration of major
biogeochemical cycles, such as the global C, water and N
cycles (Vitousek er al. 1997; Fowler et al. 1999; Prentice
et al. 2001; Ramanathan ez al. 2001; Galloway ez al. 2002;
Barlow & Peres 2004; Laurance 2004; Malhi & Wright
2004). However, for tropical forests that are far from most
direct human impacts, the question as to whether these
ecosystems have been substantially altered and what may
be causing these changes is actively debated (Clark 2004;
Chambers & Silver 2004; Lewis ez al. 2004; Phillips et
al. 2004).

Whether tropical forests are showing widespread secular
changes in dynamics, and why, is of broad interest as trop-
ical forests store ca. 40% of the C residing in terrestrial
vegetation and annually process about six times as much
C through photosynthesis as humans release to the
atmosphere through fossil fuel combustion (Malhi &
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Grace 2000; Malhi er al. 2002a). In addition, tropical for-
ests harbour more than 50% of the world’s species
(Heywood 1995). Thus, relatively small yet consistent
changes wirhin remaining tropical forests as a biome could
have global consequences for the climate, biodiversity, the
global C cycle, the rate of climate change and hence
human welfare.

Two widespread changes in tropical forests have
received attention: increases in tree stem turnover and
increases in the above-ground biomass of forest stands
(Phillips & Gentry 1994; Phillips ez al. 1998). A case can
be made that these trends have not been caused by wide-
spread changes in environmental drivers, but are the pro-
duct of compilations of disparate datasets containing
methodological errors coupled with the use of inappropri-
ate statistical techniques (Sheil 1995; Sheil & May 1996;
Condit 1997; Clark 2002). In response, much work has
gone into expanding the datasets, particularly across
South America (Malhi er al. 2002b), and addressing these
‘artefactual’ explanations of the trends (Phillips 1995,
1996; Phillips er al. 2002a, 2004; Baker er al. 2004; Lewis
et al. 2004). These newer analyses confirm the qualitative
findings of the initial two analyses, and have shown
additional trends in South American tropical forests:

(i) that stem turnover is rising owing to simultaneous
increases in both recruitment and mortality;

(i1) that recruitment rates are greater than mortality
rates, causing a net increase in stem density;
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(iii) that stand-level growth and mortality, in terms of
biomass, have both increased; and

(iv) that growth rates are greater than mortality rates,
leading to the documented increase in above-ground
biomass (Baker et al. 2004; Lewis er al. 2004; Phil-
lips et al. 2004).

Thus, one obvious question is: what may be causing such
a suite of changes across large areas of tropical forest? To
answer this question we first need to know which physical,
chemical and biological changes to the environment have
occurred over recent decades and what their likely effects
on tropical forest trees have been. Thus, in this paper, we
systematically review the evidence that various widespread
environmental changes have occurred across the tropics
and assess the evidence of the most likely effects of each
of these changes on tropical forests.

Confidently attributing widespread changes in tropical
forests to particular causal mechanisms is difficult. The
problem is rooted in the fact that realistic experiments are
virtually impossible owing to physical, financial and ethi-
cal constraints. For example, realistic experiments on
natural stands of tropical trees by raising atmospheric CO,
levels from pre-industrial levels upwards are impossible as
no existing forests are acclimated to pre-industrial CO,
levels. Furthermore, direct tests of whether the loss of
large mammals is changing forest ecology are not possible
as in many cases the large mammals are endangered spe-
cies. Thus, many studies must be essentially correlational,
for example, monitoring forest plots over time and noting
that biomass has increased simultaneously with atmos-
pheric CO, concentrations. Causation is assigned by infer-
ence, by necessity from somewhat unrealistic experiments,
such as growing tropical tree seedlings in pots under cur-
rent and higher CO, concentrations. Overall, because the
correlation-experimental inference—causation process is
open to debate at all stages, generally accepted causes of
changes in tropical forests have so far remained elusive.
An example of this has been the ongoing debate over
apparent biomass increases in tropical forests and what
may be causing them (Phillips ez al. 1998, 2002a; Clark
2002, 2004; Nemani etz al. 2003; Baker et al. 2004; Cham-
bers & Silver 2004; Lewis et al. 2004). Hence, here we
develop an approach to narrow the range of potential cau-
sal agents that may be altering tropical forests, by for-
malizing the procedure of attributing particular changes
to particular causes within a consistent framework.

2. GENERAL FRAMEWORK

We propose a framework that consists of four parts:

(i) a systematic identification of possible mechanisms
that may cause change;

(i1) an assessment of how much each potential driver has
changed over the late twentieth century;

(iii) an assessment of whether the level of change in the
driver is likely to be ecologically meaningful; and

(iv) use of the knowledge that the different types of
environmental change directly force different eco-
logical processes, have varying distributions in space
and time, and may affect some forests more than
others (e.g. depending upon soil fertility), to
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Figure 1. Schematic diagram of the relationships between
stem mortality, recruitment and growth of stems in a forest
stand. Recruitment adds and mortality subtracts (the fluxes)
stems from the standing stock of growing stems in the stand
(the pool). The processes are linked as (i) growth affects
recruitment, as a change in growth will change the rate of
arrival of stems at the minimum threshold to join the stem
population, (ii) mortality affects growth, as changes in
mortality change the number of remaining stems altering
competition for resources, and (iii) mortality affects
recruitment, through the same process as (ii). The system is
time lagged: a change to either growth, recruitment or
mortality will take time to percolate through the system, for
example, an increase in mortality will not cause an
instantaneous increase in recruitment, as stems will take time
to respond and grow to become newly recruited stems. The
same applies to biomass: a pool (standing stock) and input
(growth increments) and output (losses of biomass from
mortality) fluxes are also linked in a time-lagged circular
process.

generate unique a priort predictions for each hypo-
thesized change.

In the future, new hypotheses can be added to the frame-
work, or refinements made to existing hypotheses and pre-
dictions, as necessary.

This paper follows the same structure as the framework,
where we first identify drivers and report best estimates of
how much they have changed over recent decades, and
second develop a comparative review of the theoretical,
experimental and observational evidence that changes in
a given driver may cause changes in tropical forests. Given
the lack of experiments documenting responses of mature
old-growth tropical forest stands to rising air tempera-
tures, CO,, N depositions and other potential drivers, this
section is by necessity somewhat speculative; thus, predic-
tions are likely to be altered and refined in the future.
Finally, we make unique a priori predictions, or finger-
prints, of changes in growth, recruitment or mortality in
forests in response to changes in the environmental drivers
that were identified.

For the purposes of identifying possible mechanisms of
change, we assume that tropical tree populations are in a
three-phase, time-lagged circular system that links growth,
recruitment and mortality processes (figure 1). Changes
in these process rates result from forcing one of these pro-
cesses, which in turn may alter the other two processes.
To generate potential drivers of change we review the
literature focusing on each process in turn (growth,
recruitment, mortality), systematically considering
physical, chemical and biological drivers of change. We
consider all potential drivers of change, regardless of
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whether they may be caused by anthropogenic changes or
decadal-scale environmental oscillations, as are known to
occur, particularly in the climate system (Botta ez al. 2002;
Wielicki ez al. 2002). We do not include an exhaustive list
of possible drivers, if they appear very implausible. For
example, small decreases in stratospheric O3, and hence
increases in UV-B radiation, may or may not have
occurred over tropical latitudes (Madronich & de Gruijl
1993; Staehelin ez al. 2001), and in any case would have
probably had only very small effects on tropical plants
(Searles er al. 1995; Ziska 1996).

3. ENVIRONMENTAL CHANGES OVER THE PAST
THREE DECADES

We identified four potential physical drivers of change:
air temperatures, precipitation, solar radiation and cli-
matic extremes (including ENSO); three potential chemi-
cal drivers: atmospheric CO, concentrations, nutrient
depositions and tropospheric Os/acid deposition; and one
potential biological driver: hunting pressure (table 1).
Two further drivers were identified: first, land-use changes
that can simultaneously alter the physical, chemical and
biological environment, and second, increases in lianas
(woody climbing plants) of which the cause is unknown.
Altogether we identified 10 distinct drivers. Only one of
these drivers, changes in hunting pressure, is expected to
initially drive changes in tree recruitment (table 1). Both
changes in climatic extremes/ENSO events and increasing
liana density are expected to initially drive changes in mor-
tality. Land-use changes are expected to change both
recruitment and mortality via different mechanisms. The
other seven drivers are all expected to initially drive
changes in tree growth.

Having identified 10 possible drivers, we describe how
much each driver has changed across the tropical forest
biome. We also want to compare the rates of change in
each driver. However, the quality of the data varies widely,
and is frequently very sparse both spatially and temporally.
Indeed, we are often making the first estimate of changes
over the biome. Therefore, we have attempted to stan-
dardize these disparate datasets, by

(i) reporting the published magnitudes of change for
each driver in the main body of the text;

(ii) selecting a 20 year time-series, if available, closest to
1980-2000, and using linear regression to estimate
rates of changes (table 1); and

(iii) presenting annualized data from 1970 to 2000,
where available, to allow visual comparisons
between different drivers (figure 2). The 1970-2000
period corresponds to most contemporaneous forest
monitoring data; the period 1980-2000 corresponds
to the best available driver data for the greatest num-
ber of drivers.

The reader should note several further points when inter-
preting the time-series data for drivers. First, the number
and location of monitoring stations contributing data
sometimes change through time (e.g. rainfall, tempera-
ture, solar radiation). Second, uncertainties are associated
with some measurements (e.g. solar radiation). Third,
strong spatial variability may contribute to observed trends
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(e.g. rainfall). Fourth, different studies often have differing
definitions of ‘tropical forest’, which further complicate
comparisons. Below, each section reports the changes of
a given driver across the tropical forest biome over the
past three decades.

(a) Temperature

Global land surface temperatures have increased by
0.6 °C over the past century (IPCC 2001). This has
largely been caused by the production of greenhouse
gases, such as CO, from fossil fuel combustion (IPCC
2001). Over the past two decades there has been a
0.26 £ 0.05 °C per decade increase in air temperatures
over the tropical forest biome (figure 2; Malhi & Wright
2004). The increase in daily minimum (night-time) tem-
peratures has been much greater than the increase in daily
maximum temperatures (IPCC 2001). These temperature
increases are consistent with the effects of the radiative
forcing of the increased concentrations of greenhouse
gases in the atmosphere. The warming appears consistent
and widespread across almost all tropical regions,
although in some regions local climatic oscillations dimin-
ish or enhance the warming (IPCC 2001; Malhi & Wright
2004). Linear regression of the mean annual air tempera-
ture and calendar year between 1978 and 1998 gives a
mean change of 0.024 °C yr~! (figure 2; table 1). Increas-
ing temperatures are expected to rise across tropical
regions by an additional 2-5 °C over the next century
(Hulme & Viner 1998; Cox et al. 2000; IPCC 2001;
Zhang et al. 2001).

(b) Precipitation

Globally, rainfall has increased in response to climate
change (IPCC 2001; New ez al. 2001). However, across
the tropics, land surface measurements show a decrease
in rainfall over the twentieth century, but with little trend
over recent decades (IPCC 2001). Within the tropical for-
est biome there has been a pan-tropical decrease in rainfall
from the mid-1970s, by 22 £ 17 mm per decade or 1% per
decade (figure 2; Malhi & Wright 2004). However, this
global trend is mainly caused by a strong and significant
decline in rainfall in the northern African tropics
(-2.4+1.3% per decade), with no significant trend in
other tropical forest regions (Malhi & Wright 2004). Simi-
larly, the strength and intensity of the dry season have
increased pan-tropically (figure 2), but this is again caused
by a significant increase in Africa but not in Latin America
or Asia (Malhi & Wright 2004). These regional-scale
changes in rainfall patterns may be caused by long-term
oscillations and/or responses to increases in anthropogenic
aerosols (Ramanathan er al. 2001; Allen & Ingram 2002;
Kaufman er al. 2002). A linear regression of mean annual
rainfall for the entire tropical forest region from 1978 to
1998 reveals a decrease in rainfall across the biome of
—0.067 mm yr ! (table 1; figure 2), driven by decreases in
Africa alone.

(¢) Solar radiation
The amount of incoming solar radiation may have
increased over much of the tropics over the past two
decades, owing to a decrease in tropical cloudiness as
measured by satellite data measuring the TOA tropical
radiative energy budget (Chen et al. 2002; Wielicki ez al.
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@ Scale at which changes are relatively uniform (local, regional, global).

b Either a driver increases by Y at a point X where it was initially absent (extension changes), or a driver increases by Y at a point X where it was initially present (point change).

¢ Product of scale at which changes are relatively uniform and the extent of those changes (regional, near global, global).

d Using linear regression on available annual means for each driver from 1980 to 2000, where possible.

¢ Is there consensus in the published literature that if a driver changes the process driven will occur in a specified direction?

f Shown for a temperate forest.

¢ Addition of nutrients increases growth if that nutrient is limiting; but which nutrient is limiting is unknown in most forests.

h Depends on driver of increases in lianas.

2002). The satellites measure LW radiation emitted back
to space, which is related to cloudiness. From 1979 to the
mid-1980s there was a decrease in LW radiation of ca.
2 W m™2, followed by an increase of ca. 6 Wm™ 2 from a
background rate of ca. 247 W m™2, indicating that the
tropics has become less cloudy and hence sunnier
(Wielicki ez al. 2002). Chen et al. (2002) show LW radi-
ation increases over the tropics of 3.7 W m2 per decade
from 1985 to 2001 using a similar dataset. Using linear
regression on annual estimates of LW radiation from Wie-
licki et al. (2002) from 1981 to 2001, LW radiation
increased by 0.13Wm 2yr ! (figure 2; table 1). It is
suspected that these changes are caused by natural deca-
dal-scale oscillations and are not direct responses to
anthropogenic climate change; thus, recent increases are
not expected to persist (Wielicki ez al. 2002).

By contrast, ground-based measurements from thermo-
pile pyranometers suggest that significant reductions in
solar radiation reaching the Earth’s surface have occurred
during the past 50 years, termed °‘global dimming’
(Stanhill & Cohen 2001). Globally, the reduction has
been estimated to be ca. 2.7% per decade or
0.51+0.05 W m 2yr!. The values for the northern and
southern tropics are —0.38 and —0.65 W m ™2 yr !, respect-
ively. Stanhill & Cohen (2001) suggest that the reduction
in solar radiation is most probably caused by anthropo-
genic aerosols that have altered the optical properties of
the atmosphere. Aerosols have increased globally over
recent decades, including across much of the tropics
(Ramanathan ez al. 2001; Kaufman ez al. 2002). Indeed,
in regions close to deforestation zones (e.g. Rondonia in
Brazil, much of Southeast Asia), the presence of a dry-
season burning haze is well documented, and can reduce
solar radiation reaching the land surface by more than
15% (Eck et al. 1998). In figure 2 we report the temporal
trend from the Southern Hemisphere data in Stanhill &
Cohen (2001) as this is more likely to mirror the tropical
trend than the Northern Hemisphere, which has larger
industrialized areas than either the Southern Hemisphere
or the tropics. This shows no change in incoming solar
radiation from 1952 to 1988 followed by a steep decline
in 1992 (figure 2). Using linear regression, the solar radi-
ation data spanning 1970-1992 from the Southern Hemi-
sphere show a reduction of 0.3 Wm 2 yr 1.

How can there be evidence of increases and decreases
in solar radiation? The contrasting data are difficult to rec-
oncile. One or both sets of measurements may contain
hidden biases especially as both patterns are new data
compilations and analyses. We suggest three possible
explanations that do not invoke measurement error or
bias. First, the global dimming paper compares the years
1958, 1965, 1975, 1985 and 1992 (Stanhill & Cohen
2001), whereas the satellite TOA data cover 1979-2001
(Wielicki ez al. 2002). The TOA measurements show very
large variations, and comparing 1985 and 1992—the years
covered by both sets of measurements—the two datasets
are in qualitative agreement, both showing a decline in
solar radiation. Second, Nemani ez al. (2003) use the TOA
satellite data and show that average increases in solar radi-
ation across the tropics are dominated by increases across
Amazonia, whereas none of the measurements from the
global dimming compilation is from Amazonia (which is
dominated by sensors located in Asia). Hence, an increase
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Figure 2. Environmental changes across the tropical forest biome, 1970-2000. Dots represent data points, solid lines are linear
interpolation between data points. Dashed lines represent linear regression from numerical model output. The data are from
multiple sources and are extremely variable. Cautious interpretation is required; see § 3 for details. Data represent mean
changes for the biome unless otherwise stated. (a¢) Mean annual air temperature, (b) mean annual rainfall (note: most regions
show no trend; the decline is driven largely by one area, northern Congo), (¢) the water stress index of Malhi & Wright
(2004) (note: most regions show no trend; the decline is driven largely by one area, northern Congo), (d) total solar radiation
from ground measurements from across the Southern Hemisphere, (¢) estimated annual TOA LW radiation, correlated with
cloudiness and hence incoming solar radiation, from 20° N to 20° S, (f) annual multivariate ENSO index anomaly, (g) annual
atmospheric CO, concentration measured at Mauna Loa, Hawai’i, (%) estimated mean annual average N deposition onto
tropical forests, from model output, (i) estimated amount of forest receiving high O depositions, from model output, (7)
estimated total wild mammal meat extraction from tropical forests, (k) total tropical forest in small fragments, estimated from
satellite data, (/) large (more than 10 cm diameter) liana density in western Amazonian forest plots.

in solar radiation may be occurring in Amazonia, while a
decrease may be occurring across much of Southeast Asia.
This could reconcile both sets of measurements. Third,
Mt Pinatubo erupted in 1991, and by 1992 reduced solar
radiation globally (Gu ez al. 2003). In the global dimming
dataset, the data from the Southern Hemisphere show no
reduction in solar radiation over time, except in 1992,
which has very low solar radiation measurements (figure
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2). Thus, while the trend in the industrialized Northern
Hemisphere may be long term and caused by human
activities, the Southern Hemisphere, and hence perhaps
most of the tropics, may not be showing a trend, but
merely reflecting the transient conditions following the
1991 Mt Pinatubo eruption. Overall, changes in solar
radiation and alterations in diffuse/direct components
remain open to debate.
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(d) Climatic extremeslEl Nifio-Southern
Oscillation

Climatic extremes across much of the tropics are
strongly correlated with ENSO events, a quasi-regular
internal oscillation of the equatorial Pacific ocean and the
atmosphere (Trenberth 1997; Fedorov & Philander
2000). The El Nino (positive) phase of an ENSO event
can cause widespread intense drought across many, but
not all, tropical areas, whereas its complementary La Nifia
(negative) phase can cause very heavy rainfall and flooding
in these areas. The regions where precipitation is most
affected by ENSO extremes are northern-eastern Ama-
zonia, Central America and insular Southeast Asia,
whereas precipitation in African tropical forests shows
little consistent relationship with ENSO events (Malhi &
Wright 2004). Some dry margins of the tropical forest belt
are anti-correlated with ENSO, with increased rainfall
during El Nifio events. Almost all tropical regions experi-
ence higher temperatures during the El Nifio phase, inde-
pendent of any change in rainfall (Malhi & Wright 2004).

There is some evidence that the number, duration and
intensity of ENSO events have increased over the twenti-
eth century, but it is unclear as to what extent this may
represent longer-term internal oscillations in ENSO mag-
nitude (Tudhope ez al. 2001). Over the past 30 years there
has been little discernible trend (figure 2). However, two
of the strongest ENSO events in the twentieth century
occurred in the past two decades, in 1982-1983 and
1997-1998. More generally, extreme climatic events such
as droughts, including ENSO droughts, windstorms and
intense rainfall events, are likely to increase as a result of
climate change (IPCC 2001). However, such events are
inherently sporadic and increases have not been docu-
mented to date (IPCC 2001). Using annual measure-
ments of the multivariate ENSO Index from 1978 to 1998
and linear regression actually reveals a small decrease in
ENSO strength of —0.02 index units yr' between 1980
and 2000 (table 1; figure 2).

(e) Carbon dioxide

Concentrations of CO, in the atmosphere have
increased over the past 150 years as a result of fossil fuel
combustion and deforestation. At the time of the Indus-
trial Revolution levels were ca. 280 p.p.m. rising to ca.
370 p.p.m. in 2002. From 1980 to 2000 the annual
increase has been ca. 1.53 p.p.m. or 0.45% yr~ ' (figure 2;
Prentice et al. 2001). This change has occurred fairly
steadily and uniformly globally, although plants experi-
ence diurnal and seasonal changes in CO, concentrations
(Prentice etz al. 2001; Ziska ez al. 2001). Current levels are
already the highest for ca. 20 million years and within this
century may reach levels unprecedented since the Early
Eocene (Royer et al. 2001). Increases are expected to con-
tinue over the coming century, the rate of which will
depend on the amount of fossil fuels burnt, deforestation
rates and feedbacks between the climate system and the
biosphere (Cox et al. 2000; IPCC 2001).

(f) Nutrient depositions
Globally, human activities have more than doubled
inputs of N, as both oxidized N compounds, NO,, and
the reduced N compound, NH3, to terrestrial ecosystems
(Holland ez al. 1999; Galloway ez al. 2002). While most
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of these increases have been in temperate regions (owing
to most sources being at mid-latitudes and the short life-
span of NO, and NH; in the atmosphere), N deposition
rates have increased substantially across the tropics over
recent decades, caused by increases in fertilizer use, fossil-
fuel combustion and biomass burning (Galloway et al.
1994; Matson er al. 1999, 2002). Increases in fertilizer and
fossil fuel use have been marked over much of Central
America, Brazil’s Atlantic Coast and much of Asia
(Galloway et al. 2002). Meanwhile, increases in biomass
burning have occurred in eastern and southern Amazonia
and across much of Asia. It is estimated, using data on
N sources and an atmospheric transport model, that N
deposition from both NO, and NH; has increased from
ca.1.9 kg N ha ! yr ! before the Industrial Revolution to
3.6 kgNha !yr ! in the 1990s across the tropical forest
biome (Holland er al. 1999). Assuming a linear increase
from 1860 to 1990, the annual rate of increase would be
0.013 kg N ha~! yr! (figure 2; table 1). A further increase
in the extent and load of N deposition is expected in the
future as biomass burning continues, and industrialization
and more intensive farming spread further across the trop-
ics. It is likely that deposition of other nutrients, notably
P, may have also increased near biomass-burning sites
(Artaxo et al. 2002), but global-scale estimates of increases
in P and other nutrient depositions are, to our knowl-
edge, unavailable.

(g) Ozonelacidic depositions

Increasing industrialization, intensive agricultural activity
and biomass burning produce various atmospheric pol-
lutants that form the photochemical oxidant O;, which
may damage plants (Chameides ez al. 1994; McLaugh-
lin & Downing 1995; Fowler er al. 1999; Kita er al. 2000;
Emberson er al. 2001). It has been estimated, using data
on known O5; sources and an atmospheric transport
model, that in 1860 no tropical forest exceeded 60 p.p.b.
of O; exposure (considered a threshold for O that is
known to cause damage to some plants under some
conditions). This threshold was exceeded withi