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El Niho effects on the dynamics of

terrestrial ecosystems

Milena Holmgren, Marten Scheffer, Exequiel Ezcurra, Julio R. Gutiérrez and
Godefridus M.J. Mohren

New studies are showing that the El Nifio Southern Oscillation (ENSO) has
major implications for the functioning of different ecosystems, ranging from
deserts to tropical rain forests. ENSO-induced pulses of enhanced plant
productivity can cascade upward through the food web invoking unforeseen
feedbacks, and can cause open dryland ecosystems to shift to permanent
woodlands. These insights suggest that the predicted change in extreme
climatic events resulting from global warming could profoundly alter
biodiversity and ecosystem functioning in many regions of the world. Our
increasing ability to predict El Nifio effects can be used to enhance
management strategies for the restoration of degraded ecosystems.
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Extensive regions around the world are influenced by
the El Nifio Southern Oscillation (ENSO). El Nifio
events occur irregularly but typically once every three
to six years?. Although the effects of global warming
on ENSO oscillations are difficult to predict, recent
high resolution climatic models suggest that the
frequency of El Nifio-like conditions are expected to
increase over the coming decades?. During an EIl Nifio
episode, rainfall dramatically increases in certain
areas of the world, whereas severe droughts occur in
other regions (Fig. 1). The rainfall during El Nifio
years can be four to ten times higher than average,
and the phenomenon lasts approximately one year.
The next phase, known as La Nifia, produces roughly
the opposite climate patterns to those found during
an El Nifo episode.

El Nifio events have strong ecological® and
economic consequences*. The best-studied effects on
ecosystems are those in marine environments, where
this climatic phenomenon is correlated with dramatic
changes in the abundance and distribution of many
organisms, and the collapse of fisheries®. By contrast,
the effects on terrestrial ecosystems have been poorly
explored. Only the spectacular greening and
flowering of deserts®, and the crash of agricultural
crops’ in the core region of EI Nifio had been
commonly noted. In recent years, however, results
from several systematic long-term studies have
become available, revealing how ENSO events can
have pronounced effects on plant and animal
communities in a wide range of terrestrial
ecosystems. We discuss the main results, showing
first the effects on plant dynamics in dry and moist
habitats, then the cascading effects on animal
communities and evidence for effects on the evolution
of species. Finally, we discuss ways of using these
insights in the management of degraded arid
ecosystems.

Effects on plant communities

Short-term responses in arid ecosystems

The short-term response of vegetation to wet ENSO
events is often spectacular. In the barren, arid islands
of the Gulf of California, plant cover ranges between O
and 4% during ‘normal’ years, but during rainy El Nifio
periods, it rises to 54-89% of the surface area available
for growth. This is largely caused by a profusion of
annuals and some drought-susceptible perennial
species? (Fig. 2). The fast and dramatic response of
annuals has been described for several ecosystems®.
Landscape topographical features usually affect water
availability for plants and, therefore, induce large
spatial variation in the effects of rainy events. For
instance, in semiarid north-central Chile, ephemeral
plant cover during an EI Nifio year increased by over
five times on a north-facing dry slope, by three times on
a south-facing mesic slope, and only moderately in the
relatively moist ravine®.

Although massive germination of annuals is the
most spectacular effect of wet episodes in dry regions,
perennial herbs, shrubs and trees also tend to show
significant increases in growth, flowering and fruit
production®®. However, this usually only resultsin
small changes in cover®®. Importantly, top-down
regulation by relatively inconspicuous animals such as
small rodents might interact strongly with rainfall
effects in regulating plant biomass in these dry areas.
A large-scale field experiment conducted in northern
Chile since 1989 has shown that shrub and perennial
cover can increase significantly when either rodent
herbivores are directly excluded, or when predators
(birds of prey and foxes) are allowed to prey on
herbivores®. Interestingly, the opposite is true for
ephemeral herbaceous species, especially exotic
annuals, which actually decrease in cover when
rodents are excluded. Apparently, small rodents
reduce shrub cover by browsing, and increase soil
disturbance, which facilitates the colonization of
disturbed patches by annuals®. A less well-studied but
obviously important consequence of the pulse in
primary productivity is that the seed bank in the soil
can increase sharply following rainy ENSO episodes.
In northern Chile, for example, the seed bank can
increase almost sixfold during rainy El Nifio years®1°,

Long-term effects in arid ecosystems
Tree ring analysis provides impressive records of
ENSO effects on the growth of trees and shrubs, even
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Fig. 1. Regions showing
increased precipitation
(blue) and drier
conditions (orange)
during EINifio (a) and La
Nifia (b) phases of the
ENSO phenomenon.
Modified, with
permission, from Ref. 1.

in regions such as Israel that are usually thought to
be little affected by this climatic oscillation!t. Perhaps
more importantly, extremely wet ENSO events might
cause long-lasting effects on semiarid vegetation, as
they can open rare windows of opportunity for the
recruitment of trees and shrubs. For instance, the
recruitment of shrubs and cacti in the Sonoran desert
appears to be related to El Nifio events: stands of
Larrea shrubs usually consist of many size classes in
relatively mesic places, whereas in drier areas they
often contain only one cohort, suggesting that
recruitment in drier areas occursonly in
exceptionally favorable years!?. Cactus recruitment is
also restricted to rainy El Nifio years in the Sonoran
desert, but has an additional indirect relation to
donkey grazing; nurse shrubs, under which cactus
seedlings survive the drier periods, have been
extirpated by these animals, resulting in a complete
lack of cactus recruitment?3,

Adult trees and shrubs tend to be less vulnerable
to desiccation and herbivory than are seedlings,
which, once established, provide a relatively benign
microclimate for subsequent seedlings.

http://tree.trends.com

Consequently, although initial settlement might
require wet climatic conditions, woodland can be
resilient and, once established, can persist for a
long time?4. For instance, in the
shrubland—grassland transition zone of the
Chihuahuan desert, large increases in shrub cover
over the past decades have been related to episodes
of increased winter precipitation that seem to
broadly coincide with EI Nifio events?®. Similarly, in
semiarid Australia, successful seedling
establishment of mulgal®, as well as Eucalyptus and
conifer woodlands'?, has been linked with wetter
periods during La Nifia episodes. However, severe
ENSO-related droughts can also induce episodes of
tree mortality, as demonstrated in the open
Austrocedrus woodlands near the forest-steppe
ecotone of northern Patagonia®1°.

Effects on humid plant communities

Several recent studies show that El Nifio effects are
by no means restricted to drylands2°-31, For example,
El Nifio events have been linked to the almost
complete defoliation of mangroves?, as well as




Fig. 2. Winter precipitation
(circles) and mean
percent plant cover
(triangles) on islands of
the Gulf of California
showing the effect of the
1992-1993 El Nifio.
Modified, with
permission, from Ref. 8.

Fig. 3. Productivity of the
finch Geospisa fortison
the Galapagos Islands as
afunction of the natural
logarithm of annual
rainfall (mm): (a) total
number of broods per
female per year, (b)
largest average clutch size
per female among broods
inayear. Years of EI Nifio
conditions are shown by
open circles. Modified,
with permission, from
Ref. 33.
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changes in growth and phenology of alpine forbs?,
and boreal forests?2. In most of the wet tropics, El
Nifio events are known to bring drier, warmer and
sunnier conditions. In contrast to what happens
during dry periods in arid ecosystems, droughtin
rainforests can induce enhanced seedling
recruitment, population growth of understorey plant
populations, such as herbs?324 and vines?, and an
increase in fruit production?8. The effect on the
understorey is probably caused mainly by EI Nifio
seasons being associated with high levels of mortality
among canopy trees?’, which causes changes in light
and water availability to understorey plant
populations. Interannual climate variability effects
on plant and soil processes in tropical forests
significantly affects the world'’s carbon cycle. For
example, it has been suggested that, during the dry
and warm EIl Nifio years, the Amazon region acts as a
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large source of carbon to the atmosphere, although in
other years it acts as a carbon sink?e,

ENSO droughts can also induce widespread forest
fires, such as those observed in the Amazonian
tropical forests?®30, or in the pine forests of North
America3l. These catastrophic fires have profound
effects on the structure and dynamics of these
ecosystems?9-31,

Effects on animal communities

One would expect that an increase in primary
productivity causes a subsequent increase in
herbivores, followed by an increase in carnivores.
Indeed, several long-term monitoring studies have
revealed that such bottom-up effects can be seen
several years after the occurrence of the El Nifio event
itself826.32-34 However, these studies also show that
top-down effects can complicate the story
considerably. This reinforces recent evidence that
top-down trophic cascades are important in a wide
variety of ecosystems?,

Insects and spiders on the islands of the Gulf of
California
As previously described, the usually barrenislands in
the Gulf of California experience a tremendous
explosion of plant growth, flowering and fruiting
during the rainy EI Nifio events. Aerial insect
abundance can double in response to a wet El Nifio
and crash to low levels in the subsequent dry period.
The ENSO events also cause marked changes in the
structure of the food web. During wet years,
herbivores are the most important component of the
insect assemblage, but in dry years, the assemblage
shifts to one dominated by detritivores and
scavengers, which feed on the additional detritus
produced on the island during the rainy years, as well
as the marine detritus deposited on the islands®.
Studies of arthropods on the California Gulf
islands also confirm that ENSO effects on animal
communities can involve top-down feedbacks that
make the dynamics much more intricate than those of
a simple bottom-up cascade. For example, after a
rainy EI Nifo year, spider densities doubled in
response to the high levels of insect prey resulting
from the large changes in plant abundance and
composition. However, one year later, despite
continued plant and prey productivity, spider
populations crashed and appeared to be suppressed
by an irruption of parasitoid wasps that followed in
response to the increase in the availability of nectar
and pollen, the food source for adult wasps®6.

Arthropods and birds on the Galapagos Islands

A long-term research project on the Galapagos
Islands has monitored the effects on plant and animal
communities since the particularly strong EI Nifio
event of 1982. In rainy EIl Nifio years, Darwin’s
finches reproduce more successfully; they have a
longer breeding period, more broods and a greater
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production of eggs and fledglings3* (Fig. 3). This
productivity increase seems to be explained largely by
increases in food supply, such as seeds, fruits, nectar,
pollen and various arthropods. Of the four EI Nifio
events recorded, the year with most rain caused the
greatest finch response. Surprisingly, however, the
next wettest year had relatively low finch production.
High temperature, also common during EI Nifio
events, had an independent negative effect on
breeding success and might have partly offset the
positive effects of high rainfall. Also, breeding success
might have been affected by density-dependent
interactions. If overall density is higher, negative
interactions between finches are expected to increase
in terms of competition for food, territorial fights and
the killing or removal of eggs and chicks. The authors
conclude that starting conditions (such as initial finch
density) before an EI Nifio event can strongly
influence the observed response3*.

Rodents, birds and foxes in semiarid Chile

Over the past three decades, several researchers have
reported rodent outbreaks in semiarid South
America, associated with the increased rainfall
during ENSO events®. Since 1989, a large-scale field
experiment in northern semiarid Chile has followed
the ENSO effects on plant and animal populations in
plots where the densities of herbivores and carnivores
were manipulated. Results show that small rodents
feeding on herbs and seeds can irrupt to population
levels that are about 20 times higher than normal,
following an ENSO event, although species responses
differ in speed and magnitude®-, In turn, top
predators (hawks, owls and foxes) respond to prey
abundance with a delayed increase in density that
suggests a bottom-up effect33. Top-down effects also
occur, although predation does not seem to affect all
species densities equally.

Fructivore famines on Barro Colorado Island

During the past 49 years, famine among fructivores
on Barro Colorado Island, Panama has occurred every
time a mild dry season followed an EI Nifio event?6.
During such famines, monkeys, opossums,
porcupines and other fructivores suffer high
mortality. As mentioned previously, El Nifio
conditions stimulate fruit production in these wet
tropical forests. The probable explanation for the
subsequent famines is that the massive El Nifio fruit
production consumes plant-stored reserves, limiting
the magnitude of their next reproductive event. Fruit
production is especially reduced if the season
following an El Nifio year is mild and dry.

Complex ecosystem responses and evolutionary
consequences

In view of our current understanding of the complex
intertwined relationships that govern many
ecosystems, it is not surprising that ENSO events can
cause far-reaching shifts on many levels. Obviously,
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in view of the complex manifold mechanisms
involved, such complex shifts are also difficult to
unravel. Although the evidence is necessarily more
circumstantial than are results from controlled
experiments or intensive studies of single species, the
few studies that attempt to sketch overall ecosystem
changes in response to ENSO events are particularly
informative.

The Galapagos Islands case

A particularly complete study of ecosystem changes
triggered by El Nifio events has been carried out on
the Galapagos Islands. Here, rainy conditions are
thought to allow new colonizing plants to become
established in the arid coastal zones. Their seeds or
fruits are subsequently transported by herbivores,
which are temporarily attracted by the abundant
growth of coastal vegetation, back to the highlands
where the constantly moist conditions allow the
establishment of permanent populations. High water
availability during EIl Nifio episodes has also been
shown to produce spectacular shifts in the
competitive balance on these islands. The biomass of
herbaceous plants and vines increases dramatically
in the arid zones, and these growth forms outcompete
the Opuntia cacti. The combination of a waterlogged
root system and the heavy weight imposed by
ongrowing vines kills cacti and they are unable to re-
establish because of the dense grass covers2,
Interestingly, animal evolution on these islands
might well have been catalyzed by El Nifio events.
For example, food supply changes after the severe El
Nifio event of 1982—-1983 seem to explain the high
mortality among some Darwin’s finches and the
increased survival of their usually uncommon
hybrids*°. Also, the evolution of the beetle and spider
fauna might be influenced by EIl Nifio events because
of an increased number of colonization events
through rafting vegetation and the more favorable
establishment conditions for immigrant species*..

Switches in Australian ecosystem states

The history of woodland dynamics in semiarid
Australia illustrates very well how persistent ENSO
effects can be, and how they interact with top-down
mechanisms. Here, as in many other semiarid regions,
itis the interaction between climatic fluctuations and
biomass removal (managed grazing and fire) that
largely drives vegetation dynamics. In the 1830s, the
Pilliga scrub was an open woodland of large
Eucalyptus and Callitris trees and grasses. During the
next 40 years, the system was heavily invaded by
shrubs owing to a management regime consisting of
less frequent fires and increased grazing by cattle and
sheep. The severe El Nifio droughts of 1876-1877
forced grazing to stop. During the subsequent rainy
year of 1878, an abundant regeneration of the original
woodland trees occurred, which was so dense that
grazing became impossible. A few years later,
European rabbits colonized the area and made further



Box 1. Potential ENSO effects in semiarid systems

Rainy El Nifio events could open a window of opportunity for the
restoration of degraded semiarid vegetation by means of grazer control4.
A graphical model illustrates this possibility.

The response of semiarid vegetation to increased grazing pressure
might be discontinuous because of the presence of alternative stable states
(Fig. la). Inthe absence of grazing vegetation biomass is relatively high.
The effect of agradual increase in grazing is small until a critical threshold
(F,) is reached at which the vegetation biomass collapses to a low level.
Recovery from this state is difficult because the low biomass state and the
high biomass state (upper and the lower branches of the curve) represent
alternative attractors for intermediate grazing pressures. Only when
grazing pressure is reduced below another low critical level (F)) the high-
biomass state recovers. To see how effects of grazing and water availability
might interact, the position of the two bifurcation points (F and F) is
plotted as a function of water availability (Fig. Ib). Under drier conditions,
critical grazing rates for collapse (F ) and recovery (F) of vegetation are
assumed to be lower. An
implication is that not
only areduction in
grazing pressure, but
also arainy El Nifio event
could potentially trigger
vegetation recovery,
provided that it
sufficiently enhances
water availability to pass
the critical level (F)).

The dotted arrows
illustrate that the
exclusion of herbivores
coinciding with an
increase in water
availability due to an

El Nifio event could
bring the system over
the critical threshold to
induce vegetation
recovery, even if those
two factors by
themselves would be
insufficient to trigger the
switch.
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regeneration of the original trees impossible; however,

because of slow sapling growth, the forest remained
dense until the early 1950s. Then, a second natural
experiment took place during the rainy aftermath of
the 1951 ENSO when, coincidentally, rabbits were
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practically eliminated by the myxoma epizootic. Once
again, the combined effects of rainy conditions and the
absence of grazing triggered the natural regeneration
of the woodland trees, which has occurred in every
suitable wet year since then??.

Prospects
It is becoming clearer that ENSO events can have
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profound and complex effects on entire ecosystems.
In dry ecosystems, ENSO episodes of increased
rainfall enhance plant production and this causes an
increase in the abundance of many herbivores and
carnivores. However, long-term studies indicate
that, rather than straightforward bottom-up
propagation of the productivity pulse, top-down
feedbacks and other regulation mechanisms
complicate the process. This could explain why

the same ecosystem can sometimes respond
differently to subsequent ENSO events. For
instance, the response of a population to increased
resource availability might be suppressed if at the
onset of a rainy period there happens to be a
particularly high density of grazers®7, predators® or
competitors®.

Another remarkable emerging pattern is that
extreme climatic events can cause a shift in the
ecosystem to a state that persists for many years'’.
The possibility of alternative equilibria has been
well established for drylands*243, and evidence has
been accumulating during the past decade that this
phenomenon might in fact be common in a wide
range of ecosystems*4. If alternative attractors are
indeed common, this requires a distinct theoretical
framework for interpreting the effects of extreme
ENSO events. Such events could ‘tip the balance’,
causing a permanent shift to a different stable state.
From a management perspective, one might want to
reduce or enhance the chances of such a shift by
managing other factors of influence in tune with
predicted ENSO events. For instance, it has been
hypothesized that the chance of a rainy ENSO
event triggering a permanent recovery of
degraded semiarid ecosystems can be enhanced
by a temporary reduction of the grazer density4
(Box 1).

Forecasting ENSO episodes and their
effects is starting to be used in rangeland and
semiarid production systems to identify the
risksof overgrazing and fire during dry
years*>46 and to stimulate pasture regeneration
during rainy years*’. Models are also being
developed to predict ENSO effects on fire risks in
tropical forests??, on crop productivity*84° and
on rodent outbreak riskss°. We are, however,
still far from a comprehensive understanding
of ENSO effects on most terrestrial ecosystems.

In view of the predicted increase of ENSO
frequency with global warming, the profound
ENSO impact on ecosystems justifies a substantial
future research effort. The present results suggest
that particularly important insights could be
obtained from further long-term field experiments
and observations. The interplay of top-down and
bottom-up effects seems a particularly relevant
aspect to focus on, as it might explain large
variations in response and suggest ways to use
ENSO events as windows of opportunity for the
restoration of ecosystems.
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