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Forests in Flux

PERSPECTIVE

Forests of the Past:

A Window to Future Changes

Rémy ]. Petit,** Feng Sheng Hu,? Christopher W. Dick*>

The study of past forest change provides a necessary historical context for evaluating the outcome
of human-induced climate change and biological invasions. Retrospective analyses based on
fossil and genetic data greatly advance our understanding of tree colonization, adaptation, and
extinction in response to past climatic change. For instance, these analyses reveal cryptic refugia
near or north of continental ice sheets, leading to reevaluation of postglacial tree migration rates.
Species extinctions appear to have occurred primarily during periods of high climatic variability.
Transoceanic dispersal and colonization in the tropics were widespread at geological time scales,
inconsistent with the idea that tropical forests are particularly resistant to biological invasions.

philosopher and naturalist, “change is the
only constant in nature.” Trees are orga-
nisms of exceptional size and longevity, and are
symbols of stability and resilience in the living
world. Yet, trees are no exception to Heraclitus’
rule. Their ranges have been and continue to be
extremely dynamic. In some parts of the world,
tree species have started to shift their distributions
in response to anthropogenic climatic warming
(1, 2). Given the long generation time of trees,
and possible migrational lags, these shifts fore-
shadow the more pronounced future changes.
Knowledge of past forest change can inform
current predictions and conservation options.
Paleo-studies offer abundant evidence for cli-
matic changes and vegetation shifts at various
spatial and temporal scales. During the Quater-
nary period (roughly 1.8 million years ago to the
present), glacial-interglacial climatic variations
occurred as a result of changes in controlling
factors such as Earth’s orbital parameters, con-
tinental ice sheets, sea-surface temperature, and
atmospheric CO, concentration. Abrupt climatic
events at much shorter time scales have also
occurred (3), some of which have pronounced
magnitudes and rates (e.g., temperature shifts of
up to ~10°C within a few decades during the
last glacial-interglacial transition in some areas).
Networks of fossil pollen and plant macrofossils
show that in response to these climatic fluctua-
tions, the biosphere has experienced dramatic

For Heraclitus, a 6th-century BCE Greek
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changes, with large-scale species’ range shifts,
population contractions and extinctions, as well
as aggregation and disassociation of forest com-
munities. At low latitudes, forests experienced al-
titudinal shifts and range fragmentation, although
many tropical and subtropical tree species we
see today persisted in the same region through
glacial and interglacial intervals (4). At mid-
latitudes, forest development after the end of
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the last glaciation involved species reshuftling,
changes in relative abundances, and local and
permanent extinctions (9, 6). Forests in high-
latitude regions became established within the
Holocene (past 11,600 years) as a result of pop-
ulation invasions from southern glacial refugia
into previously ice-covered terrains and local
expansions of small tree populations that sur-
vived the Last Glacial Maximum (~20,000 years
ago) in “cryptic refugia” (7, 8).

A key recent development in studies of past
vegetation is the fusion of genetic and fossil data.
Fossil records are indispensable for vegetation
reconstruction and can help constrain inferences
of historic events from genetic data. But fossil
records rarely offer any information on population-
level processes (e.g., founder events, migration
of specific lineages). Geographic patterns of DNA
polymorphisms are traces, albeit often some-
what fuzzy, of such processes. When fossil and
genetic data are combined, much information can
be acquired about the whereabouts of small pop-
ulations during the last glaciation and the trajec-
tories of postglacial population spread (Fig. 1).
Recent studies that applied this integrative ap-
proach have offered new insights. For example,
some temperate and boreal trees apparently sur-
vived the Last Glacial Maximum in periglacial
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Fig. 1. Migration timing (isochrone curves) and routes (arrows) of Pinus in Europe inferred from
paleobotanical and modern genetic data. The red, light green, and dark green arrows correspond
to the migration routes for different maternal lineages of Pinus sylvestris (8).
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Fig. 2. Sparsely distributed spruce considered to be analogous to glacial-refuge populations. DNA and
fossil pollen data suggest that such small populations survived the Last Glacial Maximum in Alaska and
that they were important for boreal-forest development after the end of the last glaciation (7).

environments probably tens of kilometers from ice
sheets (8, 9) and even in ice-free areas north of ice
sheets (7). Thus, it appears that small populations
of trees can endure extreme climatic conditions for
tens of thousands of years (Fig. 2).

However, these studies also imply that the ca-
pacity of trees to keep up with the rate of future
warming is probably more limited than suggested
by previous estimates from fossil data. Extremely
fast tree migrations during the early Holocene were
inferred from the fossil records of certain tree spe-
cies, on the assumption that northern refugia did
not exist during the Last Glacial Maximum (35, 70).
On the basis of more recent fossil and DNA
studies, it appears that the actual rates may be an
order of magnitude lower, e.g., <100 m/year for
two North American deciduous tree species (/7).
These estimates are far below what would be nec-
essary for species migration to track future climatic
warming (3000 to 5000 m/year), raising interest
in the possibilities of “assisted migration”—the
translocation of populations to areas where future
climate might be favorable.

The role of adaptive responses to climatic
change has rarely been considered in interpret-
ing Quaternary paleoecological records, because
of the perception that evolution occurs more
slowly than climatic change (/2). At the DNA-
sequence level, evolution of trees is indeed ex-
ceptionally slow, in line with their exceptional
longevity, but their high genetic diversity and
large population sizes do allow rapid adaptive
responses, within one or a few generations (/3).
There is therefore a growing recognition that short-
term evolutionary responses of trees should be ac-
counted for in models of forest dynamics (/2).

Although local evolutionary responses to
climate change are likely to have occurred with
high frequency, there is no evidence for change

www.sciencemag.org SCIENCE VOL 320

in the absolute climate tolerances of species (/4).
Thus, future extinctions of tree species in re-
sponse to climate change are probable, especially
if their geographic distribution or climatic range
is already highly restricted. Here again, the retro-
spective approach could be illuminating. Europe
lost at least 89 tree genera during the climatic
transitions of the Late Tertiary to the Quaternary
(15). A key question is whether past extinctions
took place during glacial or interglacial periods.
If extinctions had taken place mostly during
interglacial periods, this would support pessi-
mistic views of the consequences of future global
warming on population and species survival.
However, extant Asian and American congeners
of extinct European tree species are less cold-
tolerant than currently widespread European trees
(16). This suggests that most extinction events
took place during glacial rather than interglacial
periods. In contrast, a 320,000-year history of
vegetation and climate in Hungary showed that
species extinctions clustered near times of high
climate variability (/7). This interpretation is
consistent with the case of a now-extinct North
American spruce, Picea critchfieldii, which was
abundant during the Last Glacial Maximum but
vanished during the last deglaciation, at a time
of rapid climate change (/8).

The retrospective approach also provides a
context for understanding species invasions re-
sulting from human activities. Invasive trees (i.e.,
“tree weeds,” such as pines escaped from plan-
tations in the Southern Hemisphere) have caused
damages to ecosystems worldwide, especially
(but not only) in originally treeless areas (/9). In
contrast to the assumption that tropical forests
are particularly resistant to invasions, invasions
turn out to be frequent in these regions over
geological times scales as a result of “sweep-
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stakes dispersal,” the dispersal of species across
wide physical barriers such as oceans (20). For
instance, sweepstake dispersal of the wind-
dispersed rainforest kapok tree, Ceiba pentandra,
was inferred on the basis of DNA-sequence phylo-
geography and molecular clock methods: African
populations established through oceanic dispersal
from Neotropical sources at least 13,000 years
before the present (2/). Many other tropical tree
taxa are shared across the Atlantic. Although
these forest similarities were previously attributed
to Gondwana vicariance, molecular phylogenet-
ic studies point to a predominant role of oceanic
dispersal in establishing this range disjunction.
In an Amazon forest inventory plot in Ecuador,
at least 21% of the tree species (232 out of 1104)
were derived from clades that had arrived in
South America via long-distance dispersal (20).
Thus, natural invasions of trees explain some of
the similarity between tropical forests across con-
tinents, contradicting the idea that diversity could
provide sufficient protection against invasions.
Evaluating the frequency and consequences of
sweepstakes dispersal into different communities
could help predict the consequences of modermn
invasions into more or less “naive” floras charac-
terized by different levels of endemism.

Many lessons can be drawn from the study
of past forest change, and our ability to acquire
such knowledge is improving thanks in partic-
ular to the interactions between paleoecologists
and geneticists. The integration of paleoclimate
data, fossil records, and genealogical analyses
within a hypothesis-testing modeling framework
represents a particularly fruitful direction (8, 22).
However, novel climates will appear, leading to
“no-analog” communities (23), which may limit
the retrospective approach discussed here. Indeed,
while no-analog communities are well documented
in the paleorecord (4), they cannot offer a direct
guide to what we may have in stock for the future
because the combinations of climate and other
drivers (e.g., human land use) differ drastically be-
tween the past and the future. Nonetheless, these
unique paleo-communities, when coupled with pa-
leoclimate information, provide a way to examine
climate-species relationships outside the modern
realm and should help validate ecological models
for simulating future changes.
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Predictive Models of Forest Dynamics

Drew Purves® and Stephen Pacala?

Dynamic global vegetation models (DGVMs) have shown that forest dynamics could dramatically alter
the response of the global climate system to increased atmospheric carbon dioxide over the next
century. But there is little agreement between different DGVMs, making forest dynamics one of the
greatest sources of uncertainty in predicting future climate. DGVM predictions could be strengthened by
integrating the ecological realities of biodiversity and height-structured competition for light, facilitated
by recent advances in the mathematics of forest modeling, ecological understanding of diverse

forest communities, and the availability of forest inventory data.

trees on Earth (/) from around 100,000

species (2). The trees store approximately
as much carbon as is currently in the atmosphere,
and forest ecosystems harbor two-thirds of ter-
restrial biodiversity (3). The challenge of predic-
tive forest modeling is to forecast how this
collection of trees will develop in the future, in
response to the many perturbations to which it is
being subjected, including deforestation, logging,
pollution, nitrogen deposition, the loss of polli-
nating and seed-dispersing animals, and the ef-
fects of increased atmospheric CO,, both direct
(the job of a leaf is to convert CO, into plant
material) and indirect (altered climate).

The most exciting recent advance in forest
modeling has been the appearance of dynamic
global vegetation models (DGVMs), which
simulate the distribution, physiology, and bio-
geochemistry of forests and other vegetation at
global scales, under present, historic, or simu-
lated future climates (4). DGVMs have shown
that future changes in global forest carbon storage
could greatly affect the response of Earth’s climate
system to anthropogenic CO, emissions over the
next century (5). However, because DGVMs
were developed recently, with limited informa-
tion, their predictions are currently highly un-
certain (Fig. 1), making vegetation dynamics one
of the largest sources of uncertainty in Earth sys-
tem models. Reducing this uncertainty requires

There are approximately a trillion canopy
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work on several fronts. For example, physiolog-
ical parameters need to be better constrained with
data (6), and we need better models of distur-
bances, including fire (7) and land-use change
(8). But more fundamental improvements could
be achieved by incorporating the ecological real-
ities of biodiversity and competition for light. A
recent explosion in forest inventory data might
make this possible.

The only reason to build a trunk—to become
a tree—is to overtop your neighbors and capture
light before they do. This game-theoretic com-
petition for resources is responsible for the enor-
mous amounts of carbon stored in living trees
and in undecomposed organic matter and fossil
fuels, most of which began as wood. Foresters
and forest ecologists have developed individual-
based, height-structured models that can ac-
curately predict productivity (9) and species
composition (/0). At every turn, these have re-
vealed nonlinearities in forest dynamics caused
by competition for light. For example, increased
growth leads to increased overtopping, which
increases mortality, which increases forest carbon
loss; with the functions at each stage being non-
linear. In contrast, current DGVMs reduce whole
forested regions to the total biomass in compart-
ments (such as leaves, roots, and trunks), with
simple phenomenological rules for how the car-
bon generated from photosynthesis is allocated
to, and lost from, these compartments. Moreover,
competition among species [or at least among
plant functional types (PFTs)], which needs to be
represented to predict biome boundaries, fol-
lows rules with weak empirical support that
differ among models (/7).

Therefore, DGVMs could be substantially
improved by basing them on the height-structured
models developed by foresters and forest ecolo-
gists. But because these models are individual-
based, this would require simulating every tree on
Earth, which would be immensely computation-
ally demanding. A more efficient approach would
be to derive so-called macroscopic equations to
scale correctly from the parameters governing in-
dividual trees to the dynamics of forested regions,
in the same way that the Navier Stokes equations
scale correctly from molecular motion to fluid dy-
namics. Recent progress implies that macroscopic
equations will soon form the basis of DGVMs.
Moorcroft et al. (12) introduced a demographic
method to scale up individual-based forest mod-
els, which has since been used to provide tractable
macroscopic equations to scale from trees to stands
and to scale from stands to forests (/3).

Macroscopic equations will allow global sim-
ulations of individual-based forest models, but
here arises the problem of biodiversity. The (ap-
proximately) 100,000 tree species vary hugely in
properties that drive the carbon cycle, such as
growth, mortality, decomposition of dead wood,
and their dependency on climate. Because of a
lack of appropriate data or theory, current DGVMs
reduce biodiversity to a small number of PFTs,
within which all parameters are constant. The
PFTs represent simple morphological and bio-
geographical aggregations, such as broadleaf ver-
sus needleaf or tropical versus temperate. But
these aggregations are unlikely to be optimal for
capturing the effects of biodiversity on dynamics,
because the among-species differences within
PFTs dwarf the average difference between them.
For example, the PFT temperate deciduous broad-
leaf contains the northernmost tree species (Arctic
birch) along with subtropical oaks; and evergreen
needleleaf contains cold-adapted spruces and firs
and heat-adapted pines. Even within a forest com-
posed of a single PFT, species parameters typically
vary by an order of magnitude (/4). Moreover, the
mix of species, and hence parameters, found at a
given location is strongly correlated with climate
(15), with obvious implications for modeling the
climate dependency of forest dynamics. By ignoring
most biodiversity, DGVMs could be overestimating
the strength of some climate responses because they
fail to account for the fact that deleterious effects
can be mitigated by increases in those species best
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