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FIGURE 5.1 Fire is a natural disturbance that removes
biomass from forests as well as causing shifts in species
composition. (Caribbean pinelands of the Rio Platano
Biosphere Reserve in Honduras, by Ronald Myers.)

Comp. by: K.VENKATESAN Stage: Revises2 Chapter No.: 5
Date:8/2/17 Time:09:38:08 Page Number: 164

164

Title Name: Keddy

Disturbance

5.1 Introduction: Disturbance Removes Biomass
In 1990, a bolt of lightning hit a red oak tree on the
ridge near my home. It blasted much of that tree into
metre-long splinters. That was a disturbance. Back in
1883, a volcano on the Island of Krakatau in Indonesia erupted explosively, stripping entire islands bare
of forest cover. That was also a disturbance. In 1692 a
forest ﬁre burned through what is now the Boundary
Waters Canoe Area on the border between the United
States and Canada. And, yes, that was a disturbance
too. Once you start to look for them, disturbances are
really rather common. They include ﬂoods, ﬁres,
landslides, wind throws, tornadoes, hurricanes and
volcanoes. So, if you live in a ﬂoodplain, or in a
coniferous forest, you can be assured that sooner or
later a ﬂood or ﬁre will come to you. Disturbance – it
is only a matter of time.
Let us take a closer look at this widespread and
inescapable factor that initiates, shapes and then ends
plant communities. This topic follows naturally from
the preceeding chapters on competition and resources.
We have seen (1) that plants use a small number of
resources to create new biomass, (2) that as biomass
accumulates, resources – particularly light – are
depleted, and (3) the result is intense competition. In
principle, there should be competitive exclusion, with
only those few species of plants best able to gather
resources and exclude their neighbours covering any
piece of landscape. Yet most habitats contain many
species. Disturbance is likely the most important
factor that prevents competitive exclusion. Disturbance kills plants, thereby releasing resources and
making gaps within which weaker competitors may be
able to survive.
Disturbance shall be deﬁned here as a “short-lived
event that causes a measurable change in the
properties of an ecological community.” One of the
commonest properties to change is biomass. One of
the commonest examples of disturbance is ﬁre
(Figure 5.1). The balance between the rate of
disturbance and the rate of recovery determines the

species composition of many, if not most, vegetation
types. In general, disturbance is fast and recovery
is slow.
This deﬁnition may seem unsatisfactory.
What is short-lived? It may be useful to think
in terms of the duration of plant life spans
(Southwood 1977, 1988). Short-lived can be
deﬁned as an event that occurs as a pulse with
duration much shorter than the life span of the
dominant species in the community. According to
this deﬁnition, a ﬁre or one-year drought would be a
disturbance; a slow and long-term climate change
would not. Insisting upon measurable change further
requires that a user of the word must identify at
least one property that is measurable (e.g. biomass,
diversity, species composition) and then show
that it changes. No change, no disturbance
(see Cairns 1980).
Another similar deﬁnition of disturbance has been
offered by Grime (1977, 1979). He has suggested
deﬁning disturbance as simply a factor that removes
biomass. White (1994) explains, “When the structural
resistance and physiological tolerance of the vegetation is exceeded, substantial and sudden destruction
of living biomass occurs; hence the recognition of. . .
events as disturbances.” This deﬁnition is satisfying
because it is simple, and because it is clearly plant
oriented. The reason I have offered a slightly different
deﬁnition is to include factors such as soil disturbance
that seem to have signiﬁcant effects upon so many
species of plants. Thus we might think about disturbance as having two components: the primary effect
(removal of biomass) plus secondary effects (changes
in the substrate). We will see many examples of
secondary effects.
The word disturbance should not be used without
some careful thought about just what you mean and
how you intend to measure it. The word is dangerous
precisely because the word is non-technical; therefore
many people assume they understand it when they
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do not. To repeat the key points: a disturbance is short
lived and it causes a measurable change in a property
such as biomass. We shall look here at an array of
examples to see how disturbance affects different
plant species and ecological communities. As we shall
see, complications can arise in applying the deﬁnition.
Herbivores too can cause many kinds of disturbance,
from zebras grazing on grasses to spruce budworms
removing the canopy of entire forests. These too are
disturbances, but they are dealt with in a separate
chapter (the next one).
Disturbance has one other important consequence. It initiates the process of recovery. Many of
you will know that this process of recovery is often

called succession. Recovery (or succession, if you
prefer) is usually a slow process, taking years or even
centuries. It begins when plants start to produce
biomass in the disturbed area. They may have survived the disturbance as buried seeds or they may
arrive through dispersal. The dispersal may consist
of vegetation slowly growing in from the edges, or
from seeds carried by wind or animals. In this chapter
we are going to focus mostly on the disturbance
itself, as a factor that removes established vegetation, and less on the recovery process. We will return
to recovery and succession later in the book, in
Chapter 8, which deals with the importance of time in
plant communities.

5.2 Disturbance Has Four Properties
5.2.1 Duration

5.2.3 Frequency

Duration refers to how long the event lasts. A frost,
ﬁre or lava ﬂow may last only hours; ﬂoods or herbivory may continue for days. The duration of an
event may be expressed in terms of the life
spans of the organisms of concern (Southwood
1977, 1988).

Some events, such as hurricanes or spring ﬂoods,
happen on a yearly basis. Others, such as ice storms or
asteroid collisions, happen rarely. In general, the
greater the intensity of the disturbance, the lower the
frequency. It seems reasonable to argue that the more
frequent an event is, the more likely organisms are to
develop resistance to it and therefore why rare events
tend to be catastrophic. In the short term, frequency
can be expressed in years, but in the long term
ecologists will probably ﬁnd it necessary to translate
this into the lifetimes of dominant organisms.

5.2.2 Intensity
The simplest measure of intensity would be the proportion of biomass at a site that is killed or removed.
A factor that disturbs one group (e.g. trees) might not
disturb another (e.g. geophytes), so the change in
abundance of several groups might be measured simultaneously. Change in species composition would be
an alternative measure of intensity. There is a wide
range of measures of similarity between samples
(Legendre and Legendre 1983). Using a standard
measure of ecological similarity, one could deﬁne a
range of disturbance intensities from 0 (the community is the same before and after the disturbance) to 1
(the community is completely different after the
disturbance).

5.2.4 Area
Disturbances that affect huge areas will usually be
worthy of more attention than those inﬂuencing
smaller areas. Hurricanes, for example, are large-scale
disturbances that are also intense. They may kill
between 25 and 75 percent, and as much as 90 percent
of low-lying mangal, leading Lugo and Snedaker
(1974) to suggest that “hurricanes may have a very
large role in determining the ratios of species within
vegetation types over large areas.”

165

Comp. by: K.VENKATESAN Stage: Revises2 Chapter No.: 5
Date:8/2/17 Time:09:38:10 Page Number: 166

166

Title Name: Keddy

Disturbance

5.3 Examples of Disturbance
You now have three general principles to guide your
inquiry into disturbance. First, you know that disturbance removes biomass. Second, you know that
there are often secondary effects upon the soil. And,
third, you know that every disturbance has four
properties. We are now going to enjoy a rather large
number of examples that illustrate the many different
kinds of disturbance in nature, and some of their
primary and secondary consequences. These examples
illustrate a wide range of vegetation types, intensities
and frequencies. If you are pressed for time, it is quite
acceptable to pick just a few to illustrate the general
principles: if so, I suggest you start by reading the
section on ﬁre (Section 5.3.1), and then perhaps leap
to meteor impacts (Section 5.4.3). If you have the time,
however, each example has been carefully chosen to
illustrate a wide range of habitats and some relevant
natural history.

5.3.1 Fire Disturbs Many Kinds of
Vegetation
Fire in Coniferous Forests
Forests composed of conifers are common at high
latitudes and high altitudes, as well as upon infertile
soils of sand plains and dunes. The vast boreal forests
of the Northern Hemisphere support the largest continuous stands of conifer forest, some 15.8 million
km2, as compared with about 3.3 million km2 in
mountainous areas (Archibold 1995). Because of their
high resin content and evergreen foliage, conifers
burn easily. When ﬁre occurs, the underlying soil of
the forested area may also burn, since it is often
comprised of peat formed from understorey mosses
and tree needles. The dominant kind of ﬁre is a highintensity crown ﬁre that can easily cover 10,000 ha
and sometimes more than 400,000 ha (Heinselman
1981; Brown and Smith 2000). The frequency of ﬁre
changes with both vegetation and climate; cycles of
100 to 150 years are typical of lichen woodlands in

the extreme north, while those in eastern North
America are longer (150 to 300 years). In drier areas of
the west, surface ﬁres of low intensity may burn every
25 years or so, whereas on ﬂoodplains Picea alba
stands may avoid ﬁre for 300 years.
We can recognize at least three main intensities of
ﬁre. Some ﬁres burn only the understorey plants and
accumulated litter. Other ﬁres burn the standing
vegetation, killing many of the trees and starting a
new stand of forest. The most intense ﬁres can also
remove the soil organic layer. Shrubs, herbs and
grasses adapted for post-ﬁre regeneration usually resprout from buried meristems in the ﬁrst year, while
other species germinate from buried seeds. If the
organic layer is also consumed, few buried propagules
will remain, and most rhizomes and root systems that
could sprout are also killed. Bryophytes often become
abundant on moist sites. Dense regeneration of conifers usually occurs. A mosaic of different ﬁre intensities will then produce an array of different forest
types. As biomass accumulates through succession,
and twigs, needles and peat accumulate under the
trees, the risk of ﬁre steadily increases. The proportion
of old forests with a dense understorey of moss and
peat will therefore depend on the ﬁre frequency,
which will in turn depend largely upon the climate.
A classic example of ﬁre comes from the Boundary
Waters Canoe Area on the border between Minnesota
and Ontario where one can ﬁnd some 215,000 ha of
natural coniferous forests typical of the Precambrian
shield country of central North America. Deglaciation
occurred some 16,000 years BP and left behind
coarse-textured soils formed on gravel, sand and bare
rock outcrops. The forest types in the area include
lowland conifers and spruce bogs, with pine, spruce or
birch mixed with lichen outcrops in the uplands. The
Boundary Waters Canoe Area was once populated by
the Sioux and then by the Chippewa. By the late 1800s
European settlements had begun to form. And what of
the forests? Heinselman (1973) examined tree rings,
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ﬁre scars and historical records to reconstruct the ﬁre
history of the area. He found that virtually all forest
stands dated from one or more ﬁres that had occurred
since 1595 AD, and 83 percent of the area burned
resulted from just nine ﬁre periods: 1894, 1875,
1863–64, 1824, 1801, 1755–59, 1727, 1692 and 1681.
The mean length of time between major ﬁres was 26
years, and historical data seem to indicate that these
were particularly dry periods. Figure 5.2 shows some
of the earliest recorded burns. The landscape of this
area is a mosaic of forest types recovering from different intensities of ﬁre. At the time of Heinselman’s
study there had been a policy of ﬁre control in place
for some 60 years, but even so, the canopy trees were
still the ﬁrst generation of trees to repopulate
burned areas.
Another way of exploring the effects of ﬁre is to
compare larger tracts of forest with those on islands
where ﬁres are infrequent (although edge effects and
wind damage are likely much greater). One island in
Heinselman’s study had Pinus resinosa trees that were
378 years old. Another had Pinus strobus approaching
370 years old. These older stands go through a stage of
senescence in which arboreal lichens and terrestrial
mosses proliferate. As mosses, branches and dead
wood accumulate, the area’s susceptibility to ﬁre
increases steadily (Heinselman 1981). Pinus strobus in
particular may be so long lived that it is rarely
replaced before a new ﬁre destroys the stand. Distinctive tree species’ distributions may result from ﬁre;
Thuja occidentalis “has almost literally been driven to
the lakeshores by ﬁre” (p. 358). The species is so
uncommon on uplands that one might assume that it
needs abundant water to grow, but on ridges and
islands where ﬁres have been infrequent, it can occur.
Many lakeshores are lined with old Thuja that, upon
close examination, are found to be ﬁre scarred on the
side away from the lake.
Closer to the east coast of North America, where
there are deeper soils, more rainfall and milder
winters, a variant of the Boreal Forest known as the
Acadian Forest occurs. The mixture of species here
varies with local soils and climate. When Wein and
Moore (1977) did an analysis of historical ﬁres, they

found much lower ﬁre rotation periods – 1,000 and
5,000 years for the mean and median, respectively.
Conifer forests had the highest ﬁre rates and deciduous forest the lowest (Table 5.1).
It would be useful to know how ﬁre frequencies
change over longer time periods. This can be determined by measuring the abundance of charcoal in
lake sediments. Figure 5.3 shows such data from the
Rocky Mountains. The charcoal accumulation rate is
shown on the left. Each horizontal bar in the middle
shows a single ﬁre episode. The episodes are
summarized at the right as ﬁres per thousand years.
Note the low ﬁre frequency near the bottom of the
core, where the landscape was subalpine parkland. As
the climate warmed, conifer forests developed, with
an increase in ﬁre frequency. The charcoal particles
show that ﬁre activity was high about 5,000 to 6,000
years ago, presumably when the climate was drier,
with a downturn at 4,500 BP when the climate became
wetter. The highest ﬁre frequencies show up as a spike
in charcoal input about 1,800 years ago, likely a
reﬂection of the impacts of humans upon the
landscape, both aboriginal and European.

Fire Can Kill the Cambium of Trees
In woody plants, one of the most conspicuous impacts
of ﬁre is death of the cambium, the thin layer of cells
that produce both the woody tissues and the bark.
When heat is applied to the surface of the bark, it is
transmitted inward and the cambium temperature
rises. An exposure to at least 60C for a duration of
60 seconds or longer is usually sufﬁcient to cause
death in vascular plant tissue (Wright and Bailey
1982; Whelan 1995). Insulation by bark helps protect
the cambium from reaching this temperature.
Uhl and Kauffman (1990) compared the ﬁre resistance of different trees in rain forest just south of the
equator in Para State, Brazil. A cotton rope saturated
with kerosene was attached to the trunk of trees and
temperature of the cambium was monitored with
thermocouples inserted 10 cm above the point of
attachment of the rope.
The length of rope used was one half the diameter
of each tree to ensure a standard level of heat

167

Comp. by: K.VENKATESAN Stage: Revises2 Chapter No.: 5
Date:8/2/17 Time:09:38:10 Page Number: 168

Disturbance

92°00'
Lac La Croix Lake

91°00'

C A N
A D A

90°00'v
48°20'

92°20'

1755 – 1759

48°10'

Saganaga Lake

BO

UN

WATERS

CANOE

48°00'

DA
RY

AREA

12

16 Miles
24 Kilometers

Study

Grand Marai

Area

92°00'
Lac La Croix Lake

BO

91°00'

C A N
A D A
UN

DA

90°10'

1712 – 1747

Saganaga Lake

1747

RY

48°10'

92°20'

LAKE
SUPERIOR

48°20'

8

0

1727
WA
TE

RS

CA NO E

48°00'

0

47°50'

Ely

AREA

1727

12

1712

16 Miles
24 Kilometers

Study

92°00'
Lac La Croix Lake

92°20'

1681
BO

Grand Marai

Area

90°10'

91°00'

C A N
A D A

1610 – 1692

Saganaga Lake

1692
UN

DA

1681
RY

W AT E

RS

CANOE

AREA

1610

1692

Ely
0

8

0

12

LAKE
SUPERIOR

48°20'

8

0

48°10'

0

47°50'

Ely

16 Miles
24 Kilometers

48°00'

1747

47°50'

168

Title Name: Keddy

Study

Area

Grand Marai

LAKE
SUPERIOR

FIGURE 5.2 Shaded regions show the extent of ﬁres in the Boundary Waters Canoe Area between 1610
and 1759. (From Heinselman 1973)
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Table 5.1 Properties of ﬁre in the Acadian Forest of maritime Canada illustrated by the major vegetation types in
eight areas of New Brunswick. (From Wein and Moore 1977)
Vegetation type and approximate
area (103 ha)

Mean annual burn

Annual ﬁre size (ha)

ha

percent

mean

median

Mean
annual
no. ﬁres

Red spruce-hemlock-pine

2,591

5,418

0.21

681

69

7

Sugar maple-yellow birch-ﬁr

1,655

2,569

0.16

1152

61

2

197

253

0.13

295

52

1

Sugar maple-hemlock-pine

1,005

731

0.07

149

49

3

Sugar maple-hemlock-pine

1,202

480

0.04

204

51

2

Fir-pine-birch

522

68

0.01

230

122

<1

Fir-pine-birch

99

2

<0.005

71

71

<1

305

8

<0.005

30

27

<1

Spruce-ﬁr coast

Sugar maple-ash

FIGURE 5.3 The abundance of
charcoal in lake sediments provides
a reconstruction of past ﬁre regimes.
These data come from an 11.4-metre
long sediment core taken from Foy
Lake, Montana. The curve on the left
shows charcoal accumulation rate
through time (smoothed over 150
years). When charcoal accumulation
exceeds the background trend, each
such peak is interpreted as a local ﬁre
(horizontal lines). The curve on the
right shows the frequency of such
ﬁres per 1,000 years. (After Power
et al. 2011)
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to ﬁre, there were substantial differences in the temperature reached by the cambium, and this temperature was closely related to bark thickness.
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FIGURE 5.4 Thick bark protects trees from ﬁre. In
this study of the tree Jacaranda copaia in Brazil,
standard ﬁres were applied to bark. The thicker the
bark, the lower the cambium temperature during
the ﬁre. (After Uhl and Kauffman 1990)
exposure per unit area. In Jacaranda copaia
(Figure 5.4), the temperature reached by the cambium
exceeded the critical exposure level if the bark was
less than 6 mm thick; bark greater than 10 mm thick
provided good defence of the cambium. Bark thickness varies among species. In the case of Amazonia,
Uhl and Kauffman (1990) found that bark thickness
usually ranged between 3 and 20 mm. Eleven taxa,
however, had bark thickness less than 3 mm; these
included species of Ecclinusa, Apeiba echinata,
Pterocarpus rohrii and Dialium guianense. In contrast,
ﬁve species had bark greater than 20 mm thick,
including Cecropia obtusa, Caryocar villosum and
Laetia procera. When an array of species was exposed

Recurring Fire Can Create Prairies and Savannas
In areas that are frequently burned, woody plants may
be unable to survive to reproductive age. In such
cases, prairie or savanna vegetation may result. You
saw one example earlier in Figure 3.18b, a pine
savanna. Here recurring ﬁres allow only one tree
species to survive, Pinus palustris. High ﬁre frequency
(about once every ﬁve years) maintains a diverse
understorey ﬂora with many species of carnivorous
plants and orchids (Peet and Allard 1993). Similar
pine savannas occur through much of central America
(recall Figure 5.1). Indeed, each vegetation type of the
United States has a characteristic ﬁre frequency and
intensity (Figure 5.5); in the rainy northwest mountains, ﬁres may occur only once every 500+ years
(purple) while in the dry central prairies, ﬁres may
occur at least once a decade (yellow). The pine
savannas that we just previously described (light blue)
have high ﬁre frequencies, but low intensity, as only
the understorey normally burns.
Many plants of savannas have buried meristems to
allow regeneration after ﬁre (Figure 5.6). Later in this
book you will encounter many other examples of ﬁrecreated vegetation types including Mediterranean
shrublands and different kinds of prairies. When ﬁre is
excluded from such habitats, woody plants often
invade and begin to replace the native prairie ﬂora;
vegetation managers then have to re-introduce ﬁre to
re-establish and maintain the herbaceous prairie
vegetation.

Effects of Fire in Wetlands
Even wetlands can burn, usually during periods of
drought. Fire is regarded as a major controller of plant
diversity in both pocosin peatlands (Christensen et al.
1981) and the Everglades (Loveless 1959). Loveless
concludes: “The importance of ﬁre and its inﬂuence
on the vegetation of the Everglades can hardly be
over-emphasized.”
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FIGURE 5.5 Every
vegetation type and
landscape has a
characteristic ﬁre
frequency. This map shows
ﬁre frequency and
vegetation types for the
continental United States
of America. Fires can range
from understory ﬁres every
0 to 10 years (light blue)
to stand replacement ﬁres
about once every 500 years
(purple). (Jim Menakis,
USDA. For an online
version and supporting
text see Brown and
Smith 2000 at www
.treesearch.fs.fed.us/
pubs/4554)

Forest and Woodland Types
Understory fires 0 to 10 years
Understory fires 0 to 34 years
Mixed severity fires 0 to 34 years
Mixed severity fires 35 to 200 years
Mixed severity fires 201 to 500 years
Mixed severity fires 500+ years
Stand replacement fires 0 to 34 years
Stand replacement fires 35 to 200 years
Stand replacement fires 201 to 500 years
Stand replacement fires 500+ years

Grass and Shrub Types
Mixed severity fires 0 to 34 years
Stand replacement fires 0 to 10 years
Stand replacement fires 0 to 34 years
Stand replacement fires 35 to 100 years
Stand replacement fires 101 to 500 years
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FIGURE 5.6 Prairie plants have rhizomes and buried root crowns to allow regeneration after burning. (From
Weaver and Clements 1938)
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FIGURE 5.7 Litter mass and species diversity are
related to a ﬁre incidence index in a riparian wetland.
Circle diameter is proportional to diversity (range 0.86
to 1.61). Principal Carex species shown in solid circles
include: (Caq) C. aquatilis; (Cdi) C. diandra; (Clc) C.
lacustris; (Cln) C. lanuginosa; (Cst) C. stricta. Other
species include: (Ef) Equiseum ﬂuviatile; (Gp) Galium
palustre; (Hv) Hypericum virginicum; (Ic) Impatiens
capensis, (Ls) Lythrum salicaria; (Lt) Lysimachia
thyrsiﬂora; (Lu) Lycopus uniﬂorus; (Mo) moss species;
(Os) Onoclea sensibilis; (Pp) Potentilla palustris; (Se)
Sparganium eurycarpum; (Sl) Sagittaria latifolia; (Ta)
Typha angustifolia; (Tp) Thelypteris palustris; (Uv)
Utricularia vulgaris; (Vp) Viola pallens. (From AuClair
et al. 1976b)
Fire becomes important during prolonged periods of
drought. Low-intensity ﬁres can simply remove existing
vegetation, shift the composition of plant species from
woody to herbaceous and increase plant diversity
(Christensen et al. 1981; Thompson and Shay 1988).
Figure 5.7 shows the effect of ﬁre incidence on both
litter accumulation and plant diversity in Carexdominated wetlands along the St. Lawrence River in
eastern North America. Hogenbirk and Wein (1991)
have measured responses to ﬁre in two vegetation types
of the Peace-Athabasca delta (Figure 5.8). Fire reduced
both the height and density of the dominant species. But

although the number of dicots increased, there was little
effect upon total species richness. During the longer
droughts, however, more intensive ﬁres can burn the
organic matter in the soil and create new depressions
and pools (e.g. Loveless 1959; Vogl 1969).
Peatlands are particularly useful for the study of
ﬁre because, under certain circumstances, charcoal
layers and macrofossils record both the ﬁre history
and the vegetation responses to the ﬁre. Sphagnumdominated peatlands are probably the most abundant
peatland type in western boreal North America. Kuhry
(1994) studied a series of peat cores to reconstruct ﬁre
and vegetation histories. He found that these peatlands had many macroscopic charcoal layers as a
consequence of past ﬁres. In the eight studied peat
deposits, he estimated there had been one local surface
ﬁre approximately every 1,150 years. While this may
be a surprisingly high rate of ﬁre frequency, it is still
an order of magnitude less frequent than estimates of
ﬁre frequency in coniferous forests in western boreal
Canada (e.g. Ritchie 1987). During the hypsithermal, a
period of warmer and drier climate about 7,000 years
ago, ﬁre frequencies in peatlands appear to have been
twice as high as in the past 2,500 years. These ﬁres not
only burned the vegetation, but they also burned the
superﬁcial peat deposits. In spite of this, the cores
suggest that the effect of peat surface ﬁres on vegetation was short lived. This is apparently also the case
in contemporary reports of peat ﬁres. An interesting
natural history story complements these ﬁndings;
Sphagnum can apparently regenerate from stems at
depths of 30 cm in the peat deposit (estimated to be
25 to 60 years old) (Clymo and Duckett 1986).
Kuhry (1994) could have stopped with his pictures
of peat proﬁles, but in addition to these qualitative
observations, he went on to test for quantitative
relationships among rates of peat accumulation and
ﬁre frequency. Fire frequency was estimated as the
number of macroscopic charcoal layers per 1,000
years, and peat accumulation rates were determined
from radiocarbon dating. There was a negative relationship between peat accumulation rates and ﬁre
frequency (Figure 5.9). It appears, then, that the ﬂush
of nutrient-rich ash released by burning (and the
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presumed higher plant growth rates) does not compensate for the loss of peat consumed by the ﬁre. Thus
ﬁres signiﬁcantly retard the growth of peatlands. This
has important consequences for global warming
because peatlands are an important reservoir for
carbon storage. An increase in temperature would
presumably lead to higher frequencies of burning,
which in turn would lead to further releases of carbon
stored in the peatlands (Gorham 1991; Hogg et al.
1992). This would then act as a positive-feedback loop
to increase rates of global warming.
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FIGURE 5.9 Peat accumulation as a function of ﬁre
frequency in western boreal Canada. (From Kuhry
1994)

6

5.3.2 Erosion Creates Bare Ground
Running water can create many kinds of disturbance
in watersheds. Splash erosion is caused by individual
rain drops, soil washes down valley slopes, while banks
collapse or slump on river margins (Strahler 1971;
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Rosgen 1995). In ﬂoodplains, rivers ﬂow through
valleys ﬁlled with alluvial sediments, which are continually reworked by the river, thereby destroying
established vegetation and exposing new substrates
for succession. Meanders are typical of many rivers,
and meander systems both destroy existing vegetation
and create new deposits of sediment (Figure 5.10).
Once these meanders are formed, there is a gradual
movement downstream (“down valley sweep”) and
over time all the alluvial sediments are eroded and
redeposited between the limits set by river bluffs.
The result is a mosaic from open mud or sand ﬂats
to vegetation types of different ages and species
composition. These mosaics can be seen along large
rivers around the world including the Mississippi
River, the Rhine, the Nile, the Amazon or the Yangtze.
These large-scale landscape dynamics from erosion
are powerfully illustrated by the forests and ﬂoodplains of the Peruvian Amazon (Figure 5.11). Here
more than one-quarter (26.6 percent) of the modern

lowland forest shows characteristics of recent erosion
and deposition (Salo et al. 1986). During one 13-year
period, satellite images showed that the mean lateral
erosion rate of meander bends was 12 m year–1. The
total area of newly created land available for primary
succession was 12 km2, representing nearly 4 percent
of the present ﬂoodplain area. The new substrates
were ﬁrst colonized by herbaceous species in genera
such as Tessaria, Cyperus, Ipomoea and Panicum;
smaller trees in the genera Cecropia, Ficus and Cedrela
gradually formed a closed canopy, and eventually
these became mixed with later successional species.
Kalliola et al. (1991) have described the successional
processes in more detail, documenting a ﬂora of
125 plant species that colonize new sediment. Salo
et al. (1986) conclude:
According to the repetitive nature of river
dynamics, the migration of the river channel course
creates a mosaic of successional forests within the
present meander plain. The mosaic forest is
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FIGURE 5.11 Lateral erosion and channel migration in Amazonian lowland forest from Landsat multi-spectral
scanner images. (a) A simpliﬁed map of a meander system in a white water river (the Ucayali at Pucallpa, Peru).
(b) A detailed map of forests along a meander system downstream from top ﬁgure, showing (1) areas of
intense primary succession, (2) eroding forest at outer edges of meanders and (3) isolated oxbow lakes.
(From Salo et al. 1986)

composed of patches of differentially aged
sequential successional forest and patches of
forests originating from a succession on the sites of
former oxbow lakes. The annual ﬂoods further
modify the mosaic pattern.

5.3.3 Animals Create Gaps in Vegetation
The entire next chapter will be devoted to effects of
animals, but still something must ﬁrst be said about
them as a kind of disturbance. Grazing also removes
biomass, and at many scales, from huge herds of
herbivores grazing in the African grasslands to snails
feeding in salt marshes. Animals can also create
entirely new patches of habitat. It is this ability to
create new patches, and their effects on plants, that
we will explore here. Consider beavers and alligators,
both of which are natural forms of disturbance in
landscapes.

Beaver Ponds
Beavers obstruct water ﬂow in streams thereby
ﬂooding forest and creating small ponds (Figure 5.12).
Occasionally, under the right physical conditions, they
can even regulate the water levels of lakes. Before the
arrival of Europeans, the beaver population of North
America was estimated to be 60 to 400 million individuals, with a range stretching from arctic tundra to
the deserts of northern Mexico. The ponds that
beavers create cause changes in forest structure,
nutrient cycling, decomposition rates and the properties of water downstream (Naiman et al. 1988) as well
as plant and animal diversity (Grover and Baldassarre
1995; Wright et al. 2002).
Beavers create cyclical disturbance in the landscape
with two different frequencies. The short-term cycle is
one of dam construction followed by dam loss. Dams
may be washed out during ﬂoods, holes may be punched
in dams by mammals such as otters, predators may kill
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FIGURE 5.12 Beavers
produce water-level
ﬂuctuations by building
dams that periodically
break or are abandoned.
(Howard Coneybeare,
Friends of Algonquin
Park)

the beavers maintaining the dam. In such cases, water
levels suddenly fall and many plant species regenerate
from buried seeds. A long-term cycle occurs when
beaver populations ﬁrst colonize and then abandon sites
(Figure 5.13). Building a dam changes forest to open
water and wetland. Abandonment of the dam results in
a short-lived mud ﬂat, a longer period of marsh formation, and then, as the beaver meadow gradually dries,
woody plants re-invade. This longer cycle of beaver
ponds alternating with swamp forest probably has a
frequency of centuries rather than decades.

Alligator Holes
“Gator” holes (Figure 5.14) are depressions that are
either made or maintained by alligators. They are
prominent enough that you can see them from airplanes should you be lucky enough to ﬂy over the
Everglades. During winter dry periods, these holes
may be the only ponds remaining in a wetland
(Loveless 1959; Craighead 1968). The alligator maintains ponds by pulling loose plants and dragging them
out of the pool. Thicker muck is either pushed or
carried to the edges of the pond.
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1.

Beaver pond cycle

Forest succession

2.

FIGURE 5.13 The
beaver pond cycle going
from forest with stream
(1), to new pond with
dead trees (2) to
established pond with
aquatic plants (3). When
the food supply
diminishes, indicated by
the presence of conifers,
the dam bursts and a
beaver meadow forms
(4). Eventually, the forest
re-invades (1).
Temporary events can
cause a short circuit of
the cycle (by Betsy
Brigham, from Keddy
2000).

3.

4.

Gator holes were once a predominant feature of
wetlands in South Florida. Craighead (1968) concludes that “in the ﬁrst two decades of this century
every inland pond, lake, and river held its quota of
alligators.” He suggests that a density approaching

one alligator per acre existed in some regions. (Historical records have their limits, but the naturalist
William Bartram, who travelled the St. Johns River in
1774–76, described alligators massed around his
boat. He reported that when camping on beaches,
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FIGURE 5.14 A “gator” hole in the Florida Everglades. The pool is visible in the centre left. Both the pool itself
and the soil the alligator deposits around the edge of the pool become habitat for a wide variety of wetland plants.
(By Paul Keddy, 2005)
it was necessary to keep a large ﬁre burning all night
for protection.) Gator holes, continues Craighead are
“reservoirs for an amazing biological assemblage.”
Within them live “diatoms, algae, ferns, ﬂowering
plants, protozoans, crustaceans, amphibians, reptiles
and ﬁsh.” The productivity of these ponds is
enhanced by uneaten food. Larger animals, such as
hogs and deer, are killed by drowning but may be left
for several days for ripening. The aquatic ﬂora
includes widespread genera such as Myriophyllum,
Utricularia, Potamogeton, Nymphoides and Najas.
The shallow water near the banks has marsh
genera such as Peltandra, Pontederia and Sagittaria.
Indeed, the description of this ﬂora is remarkably
reminiscent of beaver ponds. Connecting the gator
holes are well-developed trail systems; some trails
erode into troughs that are 15 cm deep and
60 cm wide.

5.3.4 Sediment From Flooding Can Bury
Wetlands
Terrestrial communities can be buried by catastrophic
events such as volcanic eruptions or landslides
(Section 5.4), or burial by wind-deposited sand (e.g.
Maun and Lapierre 1986; Brown 1997). Such events
may be dramatic and conspicuous, but they are also
infrequent. In contrast, rivers continually erode the
land’s surface and carry sediments that are deposited
in wetlands as water movement slows. It is estimated
that the world’s rivers deliver in the order of 1010 tons
of sediment per year to their mouths, which leads to
the formation of large ﬂoodplains and deltas
(Figure 5.15). Burial is clearly a routine experience for
riparian vegetation. The importance of sedimentation
as an ecological factor varies among watersheds
(Figure 5.16). Southeastern Asian rivers, in general,
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FIGURE 5.15 The world’s large deltas illustrate the amounts of sediment transported and deposited by rivers.
(From Strahler 1971)

are among the most prodigious transporters of sediment. Taiwan, for example, an island of 36,000 km2
(roughly half the size of Ireland or the same size as
Indiana), produces nearly as much sediment as the
entire coterminous United States (Milliman and
Meade 1983). The Yellow, Ganges-Brahmaputra and
Amazon rivers have the highest annual suspended
sediment loads in the world.
Burial can also occur much more slowly. Burial by
locally produced organic matter such as occurs in peat
bogs (autogenic burial) is much slower than burial by

externally produced sediment or organic matter such
as occurs in river deltas (allogenic burial). Both kinds
of burial can cause changes in plant communities, but
here we are concerned with high rates of burial in
deltas. These rates of burial can be even higher when
storm surges or hurricanes excavate and then redeposit sediment (Liu and Fearn 2000).
Many wetland plants have well-developed rhizomes and pointed shoots (Figure 5.17). Examples
include genera such as Typha, Juncus, Scirpus and
Carex. Pointed shoots and underground storage
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FIGURE 5.16 Annual discharge of suspended sediment from major drainage basins; arrow width corresponds to
relative discharge, numbers give average annual input in millions of tons. (From Keddy 2010 after Milliman
and Meade 1983)

FIGURE 5.17 Rhizomes and pointed shoots allow
buried plants to re-emerge. (From Keddy 2010)

structures are considered to be adaptations for penetrating accumulations of leaf litter (Grime 1979), and
it is likely that the same traits also are adaptations for
penetrating sediment. In contrast, evergreen rosette
life forms would likely be extremely intolerant of
burial, and this may be one reason why they are
largely restricted to eroding shorelines (Pearsall 1920).
At a larger scale, this may also explain partly why
such plants are often restricted to oligotrophic lakes.
Eutrophic lakes and bays with high sedimentation
rates are generally occupied by larger rhizomatous
plants.
How much burial does it take to change a wetland?
Obviously the answer depends upon which kind of
wetland (salt marsh or cypress swamp?) and how
much burial (1 cm or 25 cm?). Here is one example.
Allison (1995) covered salt marsh vegetation near San
Francisco with 10 cm of sediment dug out of nearby
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tidal channels. He then followed the recovery of the
plots for four years. For all species combined, vegetation cover returned to control values after only two
years. Species such as Salicornia virginica and Distichlis spicata recovered quickly; other species such as
Frankenia grandifolia and Jaumea carnosa recovered
only when the disturbance occurred early in the
growing season. There was very little new establishment from seedlings. In general, plots were
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revegetated by ingrowth from adjoining plants, or else
from buried rhizomes. Recovery was relatively rapid
because the disturbed areas were only 1 m2 circular
plots; since most recovery was from adjoining areas,
larger areas of spoil or sediment would presumably
take much longer to recover. In contrast with freshwater wetlands, it would seem that seeds play a minor
role in re-colonizing disturbed areas in salt marshes
(Hartman 1988; Allison 1995).
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FIGURE 5.18 Ice can have a major impact upon shoreline wetlands and shoreline topography. (Adapted from
Alestalio and Haikio 1979)
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5.3.5 Ice Reworks Shorelines
Anyone who has watched great cakes of ice grind
against a shoreline during spring ﬂooding will be
impressed by the power of ice scour to modify vegetation. In salt marshes or large lakes, one can ﬁnd entire
metre square pieces of marsh with 20 cm or more of
substrate chopped out of the ground and moved many
metres. At a smaller scale, there is the constant grinding
of freshwater shorelines by the movement of ice as
water levels rise and fall. Although the effects of ice
cakes grinding on shorelines are visible (and audible)
(a)

during spring thaw, the processes beneath ice and snow
during long winters are more difﬁcult to study. But as
Figure 5.18 shows, the results are nonetheless obvious
come spring. Geis (1985) described how ice freezes onto
the shoreline of lakes, forming an “ice foot.” Sediments
can become incorporated into this ice foot. Entire
sections of shoreline are torn out of place when ice is
lifted by rising water levels. According to Geis, plant
biomass and diversity are reduced in the zone affected
by the ice foot. Further north, ice pushing can create
ridges, which produce a distinctive undulating topography along shorelines (e.g. Bliss and Gold 1994).
(c)

(b)

2

Rampsholme
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FIGURE 5.19 (a) Disturbance by waves as illustrated by an early twentieth century drawing showing the
distribution of three species of rooted plants around a small island called Rampsholme in Derwentwater, a large
lake in northwestern England. Nitella opaca (an alga in the Characeae) grows in the lee of the island, whereas
Litorella uniﬂora (b) grows on more exposed sites. “Litorella, as in all English Lakes, is a shallow-water plant able
to colonize sand of highly disturbed areas” (Hutchinson 1975, p. 424). (c) Lobelia dortmanna is another widespread
shallow-water plant that is often found on shorelines exposed to waves. ((a) after Hutchinson 1975; (b), by Jacob
Sturm; (c) by Carl Lindman)
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FIGURE 5.20 A wet meadow has formed on this shoreline that is sheltered from large waves. These meadows
greatly expand during low water years. In the foreground you can see the white ﬂowers of Parnassia palustris and
yellow ﬂowers of Helenium autumnale, mixed with a variety of sedges in the genera Schoenoplectus, Eleocharis,
Rhynchospora and Scleria. (Long Point, Lake Erie, by Tony Reznicek, 1979)

5.3.6 Waves
Waves illustrate events of very short duration and
high frequency, almost exactly the opposite kind of
disturbance from meteor impacts or volcanoes. Waves
provide an opportunity for the study of the effects of
chronic disturbance. It has long been observed that
vegetation varies with exposure to waves, and
sketches such as Figure 5.19 are typical of those in
many books on aquatic botany. These effects of
chronic exposure to waves are complex. Early
research (Pearsall 1920) noted that there were both
direct effects (e.g. biomass removal from plants,
uprooting, seed dispersal) and indirect effects (e.g.
erosion of nutrients, sorting of substrates, litter
transport). The indirect effects create fertility gradients, so as disturbance from waves increases, fertility
decreases. Species composition also changes with
exposure to waves; Figure 3.18a showed the type of
vegetation that develops on shorelines chronically
exposed to small waves. Contrast that with the

vegetation that develops in a sheltered bay, where silt
and organic matter accumulate (Figure 5.20).
Much more has been written about the effects of
waves on humans! Storms destroyed much of the
Spanish Armada and thereby changed European history (Fernández-Armesto 1989). They also badly
damaged artiﬁcial channel ports constructed for the
Normandy landings in the Second World War, which
nearly changed European history again (Blizard 1993).
It is therefore natural that much of the work on waves
can be found in manuals published by engineering
agencies (e.g. US Army Coastal Engineering Research
Centre 1977). Their methods have, however, been
adapted for use by aquatic ecologists (e.g. Keddy 1982,
1983; Weisner 1990).

5.3.7 Storms
Storm damage is a widely studied factor in forests. It
can be as small as a single tree killed by lightning or
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uprooted. It can be as large as an entire forest levelled
by a hurricane (e.g. Denslow 1987; Dirzo et al. 1992;
Merrens and Peart 1992). Hurricanes and typhoons
(Figure 5.21) are frequent enough that their effects can
be expected to have a recurring inﬂuence upon forests
by breaking open the forest canopy and thereby
allowing growth of seedlings. Anyone who has lived
along the Gulf of Mexico or southeast Asia knows that
hurricanes (or cyclones) are hard to predict, yet they
arrive again and again. (Usually, it seems, the frequency is just long enough for people to forget and
start rebuilding in ﬂood-prone areas.) Entire neighbourhoods in coastal Louisiana were destroyed by
Hurricane Katrina in 2005 (I was there) – some have
been rebuilt in the identical location, while others
have been abandoned. Each has its own story of folly.
My own property along a small bayou had a beautiful
oak forest, which was levelled, and, when I last saw it,
the fallen oaks were being succeeded by thousands of
seedlings of an exotic tree species, Triadica sebifera
(Chinese tallow tree). Windthrows have a big impact

on forests. It is harder to judge their importance relative to other disturbances, such as ﬁre. Accurate
information on the frequency, intensity or proportional area of disturbance is often not available to put
these events into a proper context.
Here is where long-term historical records can be
helpful. A good example of a study of systematic
disturbance properties used early surveyors’ records of
two large tracts of forest in western New York State
south of lakes Ontario and Erie (Seischab and Orwig
1991). Here a total of some 25,000 km2 was surveyed
beginning in 1788. Surveyors often made notes of tree
types, burns, dead trees, windthrows and old ﬁelds,
and if one knows both the linear distances walked and
the proportion of these lines falling into the above
categories, one can reconstruct both early vegetation
cover and disturbances. In a total area of
>25,000 km2, there were 140 km2 of windthrows,
25 km2 of agricultural ﬁelds (possibly aboriginal),
15 km2 of dead trees and 5 km2 of burn! The great
majority of the windthrows occurred on dissected
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FIGURE 5.22 Size-class
distribution of
windthrows in
presettlement forests of
western New York
in 1788. (From Seischab
and Orwig 1991)
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landscapes with steep slopes or ravines. A majority of
windthrows were less than 500 m across (Figure 5.22).
At the same time, while there were many disturbances,
they comprised less than one percent of the study area.
If one assumes that surveyors could recognize
windthrows for about 15 years after the event, this

yields a return time of 1720 years. Seischab and Orwig
conclude that “only a small percentage of the western
New York forests were subject to windthrow” (p. 119)
and in general “natural disturbances were infrequent in
the northern hardwood forests. . . steady state communities dominated the presettlement landscape” (p. 121).

5.4 Catastrophes Have Low Frequency and High Intensity
Really big disturbances can be hard to study. First,
they are infrequent and unlikely to occur during the
life span of an ecologist and, second, if and when they
do occur, it is unlikely that an ecologist will be there
to study them (or survive them). Yet, when such
events do occur, they have a massive effect upon
ecosystem structure, which may last for decades or
centuries. They therefore cannot be ignored. The
three most obvious examples are landslides, volcanic
eruptions and meteor impacts. Let us look more
closely.

5.4.1 Landslides
Landslides might be thought of as a relatively infrequent form of disturbance, but they are rather

common in mountainous areas with heavy rainfall.
Consider the Luquillo Mountains of Puerto Rico.
Guariguata (1990) measured the frequency and area of
landslides within 44 km2 of montane wet forest here.
On average, all months receive at least 200 mm of
rain, but intense rains, associated with hurricanes, can
deliver up to 500 mm in a day and trigger major
landslides. Between 1936 and 1988, 46 landslides
occurred. The most frequent size class (ca. 40%) was
from 200 to 400 m2, but large infrequent landslides
>1,800 m2 created almost 40 percent of the area
disturbed (Figure 5.23). Some plant species that
cannot occupy small gaps beneﬁt almost exclusively
from landslide openings. These include lightdemanding ferns (Dicranopteris pectinata, Gleichenia
biﬁda), herbs (Phytolacca rivinoides, Isachne
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FIGURE 5.23 (a) Location of the
Luquillo experimental forest in Puerto
Rico and 46 landslides. The shaded area
is underlain by intrusive rocks. The
frequency plots (b,c) summarise the
characteristics of the landslides. (From
Guariguata 1990)
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angustifolia) and one tree species characteristic of
mature forests (Cyrilla racemiﬂora). Almost pure
stands of Dicranopteris and Gleichenia ferns have also
been reported in other tropical forests; both species
spread by rhizomes and form thick canopies up to
1.5 m tall. Mature forests on landslides are dominated
by Calycogonium squamulosum (Melastomataceae),
C. racemiﬂora (Cyrillaceae) and Micropholis garciniaefolia (Sapotaceae), interspersed with patches of an
emergent palm, Prestoea montana.

5.4.2 Volcanic Eruptions
Volcanic eruptions are less frequent than landslides,
but often affect much larger areas. The largest volcanic eruption in history occurred in 1883 on the
island of Krakatoa (Figure 5.24). Vegetation can be
disrupted by lava, mud ﬂows (lahars) and air-borne
pyroclastic materials (tephra). Tephra deposits tend to

sort by size; the ﬁne materials are called ash, the
intermediate ones lapilli and large blocks breccia or
bombs. Small particulates, of course, are distributed
the farthest by air currents and may spread over many
square kilometres. If ejected high into the atmosphere,
volcanic dust can be spread around the world.
Figure 5.25 shows the distribution of volcanoes in the
western United States and the results of an eruption
7,000 years BP that distributed ash over some
2500 km2 and blanketed the hatched area with pumice
more than 15 cm deep.
In the Kamchatka Peninsula of Russia there was a
violent eruption of the Ksudach Volcano on 28 March
1907. Between one and two cubic kilometres of tephra
was ejected, spreading pumice over more than
8,500 km2, with deposits over a metre deep over some
50 km2. Table 5.2 illustrates the sort of good quantitative data one needs to record for both the intensity
and area of different kinds of ecological disturbance.

FIGURE 5.24 Volcanic eruptions are a large but infrequent natural disturbance. In 1883, one of the largest
volcanic eruptions in recorded history occurred on the island of Kraktoa in Indonesia. It stripped entire islands of
plant cover. Revegetation required long-distance seed dispersal combined with primary succession. The dust in the
upper atmosphere reduced global temperatures for nearly ﬁve years, as well as producing vivid sunsets around the
world. This photo shows Anak Krakatau, a new volcanic island that began forming there in 1927. (By Byelikova
Oksana, Shutterstock)
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Table 5.2 The relationship between pumice depth and
degree of vegetation destruction. (From Grishin et al.
1996)
Deposit
thickness
(cm)

Deposit
area
(km2)
Nature of destruction

1–5

8,460

5–10

1,458

Destruction of some mosses,
lichens, herbs and dwarf shrubs;
minor damage to taller plants
Substantial destruction of
some species in moss-lichen,
herb and dwarf shrub layers;
damage to taller plants

10–20

954

Loss of lichen-moss layer,
signiﬁcant destruction to herb
and dwarf shrub layers; some
trees die slowly by drying

20–30

228

Total destruction of lichenmoss layer, herb layer; most of
shrub layer lost; signiﬁcant
die-back of trees

Volcano
Calgary
CANADA
Vancouver

Seattle
Washington

OREGON
IDAHO
CRATER LAKE

California

Reno
NEVADA

484

Destruction of all layers of
vegetation and tree layer;
isolated trees survive

70–100

62

Total destruction of all
vegetation; reinvasion of
vascular plants

Over 100

54

Total destruction of all
vegetation; lichen desert
persists

Three different impact zones can be recognized
(Grishin et al. 1996). The ﬁrst received pumice deposits
deeper than 100 cm. No vegetation survived. Trees
still had not re-established in this zone; it remained
lichen covered with sparse herbs and shrubs. The
second zone received deposits of 30 to 100 cm. Occasional trees survived this disturbance and provided
seed sources for re-colonization. Further, dead snags
attracted birds that facilitated seed dispersal. Once
plants established, their roots could reach through the

UTAH
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FIGURE 5.25 The area covered by pumice eruption at
Crater Lake about 7,000 years ago. The shaded area
shows maximum limits of ash fall and the hatched
area indicates coverage by pumice of 6 inches
(c. 15 cm) or more. (From Crandell and Waldron 1969)

ash to the buried soils beneath. As a consequence,
revegetation occurred more rapidly. In the areas that
received less than 30 cm of volcanic deposits, there
was substantial survival, and regrowth was so rapid
that there are now well-developed forests similar to
those nearby that were less disturbed. Where the
pumice was sufﬁciently thin, it may be more appropriate to describe changes as vegetation recovery
rather than succession. Figure 5.26 summarizes the
changes in vegetation: before, after and ca. 1995. Note
just how many different kinds of vegetation resulted
from this one eruption.
Sometimes rare events do happen near scientists.
The eruption of Mount St. Helens in the United States
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FIGURE 5.26 Vegetation maps of the Ksudach Volcano study area. (a) potential vegetation (before the 1907
eruption); (b) disturbed vegetation (a few years after eruption); (c) modern vegetation. (1) Betula ermanii forest; (2)
B. ermanii–Alnus kamtschatica sub-alpine complex; (3) A. kamtschatica thickets; (4) high-mountain vegetation;
(5) river valley forest; (6) meadows with shrubs on level sites in the forest belt; (7) moist Calamagrostis–Carex spp.
meadow; (8) pumice desert; (9) pumice desert with scattered surviving trees; (10) pumice desert with lichen cover;
(11) pumice desert sparse sub-alpine plants; (12) complex of mountain meadows with A. kamtschatica thickets;
(13) pumice desert with lichen cover and isolated birches; (14) open young B. ermanii forest with dwarf shrubslichen cover; (15) closed young B. ermanii forest with isolated mature trees that survived the eruption; (16) nival
belt; (17) lakes. (From Grishin et al. 1996)

provided a ﬁne opportunity for ecologists to study the
effects of volcanoes. Having been dormant for 130
years, Mount St. Helens erupted on 18 May 1980. One
lateral burst levelled trees up to 20 km distant. Tephra
was spewn over thousands of square kilometres, with
the largest deposits on the northern slopes. Melting
glaciers produced mudslides that swept downstream
channels. Fine materials coated forests. Figure 5.27
shows the results. In spite of the publicity that this
eruption received, and the many published studies (del

Moral and Bliss 1993; del Moral et al. 1995), it was
relatively small compared to other eruptions – the
volume of ejecta, was for example less than ﬁve
percent of the Krakatoa eruption in 1883.

5.4.3 Meteor Impacts
One only has to look at the surface of the Moon to
realize that collisions among astronomical objects
occur. It is easy to forget this because such events are
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Mount St. Helens volcanic impact area. (From del Moral and Wood 1993)

rare (from the perspective of an ape’s life span) and
because erosion obliterates the effects of such collisions on Earth. Each day as the Moon rises, however,
one should be reminded that catastrophes can and
must have occurred on Earth too. How is one to study
them? What have their impacts been?
Geologists have long recognized that a major
change in the Earth’s biota occurred at the
Cretaceous–Tertiary (K–T) boundary. It marks the end
of the Mesozoic era, known as the Age of Reptiles. The

vegetation was dominated by gymnosperms, although
early ﬂowering plants (angiosperms) were also present. Then there was a sudden event. Dinosaurs disappeared; mammals become abundant. Angiosperms
radiated and become the dominant plant forms. We
now live in the Age of Mammals and Angiosperms.
What event triggered this sudden change?
The geological record suggests that the change was
abrupt. Indeed, so much so that it left a distinctive
array of thin rock layers. Figure 5.28 shows a vertical
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FIGURE 5.28 The K–T
boundary as exposed
near Clear Creek in
southeastern Colorado.
The white layer is ejected
material with elevated
levels of iridium. The dark
layer, about 10 cm thick,
is coal. The rocks beneath
this layer contain pollen
and spores from extinct
Cretaceous plants, mostly
broad-leaved evergreen
angiosperms that
comprised a coastal plain
forest. (By Kirk Johnson,
Smithsonian Institution)

section. The black layer is coal while the white layer
underneath is stone that originated as clay. This
claystone contains anomalously high concentrations
of iridium (Ir), as well as other uncommon elements
such as Sc (scandium), Ti (titanium), V (vanadium), Cr
(chromium) and Sb (antimony). High iridium concentrations have been found in a similar layer at over
50 sites around the world. Iridium is a rare element on
Earth, although common in certain asteroids and
meteors. This transition is now widely believed to
record the impact by an asteroid or similar object
some 10 km in diameter (Tschudy et al. 1984; Wolbach et al. 1985).
Now take a closer look at evidence extracted from
such rock layers (Figure 5.29). We will start below the
K–T boundary and move upwards (forward in time).
At the bottom there is a thick layer dominated by
extinct species of broad-leaved angiosperms (Nichols
and Johnson 2008). Then there is a thin layer of
claystone, rich in iridium. Immediately above this
there is coal, including a form known as fusinite,
which is considered to be derived from charcoal. There
are also abundant fossil fern spores (expressed relative
to the abundance of angiosperm pollen). This shows
“widespread but temporally brief dominance of ferns

followed by very rapid angiosperm recovery”
(p. 1031). Since fossilized charcoal indicates ﬁres,
Wolbach et al. (1985) speciﬁcally sought out evidence
on the nature of the postulated ﬁres. They collected
samples from the K–T boundary in both the northern
and southern hemispheres and found 0.36 to 0.58
percent graphitic carbon, indicating a world-wide
layer of soot. This corresponds to a volume of soot
equal to ten percent of the present biomass of the
Earth! This implies either that much of the Earth’s
vegetation burned or that substantial amounts of
fossil fuels were also ignited. This soot would have
had at least three effects (e.g. Wolbach et al. 1985;
Alvarez 1998; Flannery 2001). First, it would have
blocked virtually all light reaching Earth and thereby
prevented photosynthesis. Second, the pyrotoxins
formed during combustion would have harmed most
land life. Carbon monoxide alone, if produced in the
same amount as soot, would have reached a toxic
level of 50 ppm (Wolbach et al. 1985). Third, the Earth
would have cooled as soot blocked out sunlight.
The Chicxulub crater in the Yucatan is thought to
be the impact crater from this event. You can read
more about the scientiﬁc controversies in two books
listed at the end of the chapter: T. Rex and the Crater
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FIGURE 5.29 Data
extracted from the K–T
boundary interval in
southeastern Colorado
near Starkville. The large
black dots show the
variation in Ir
concentration and the
solid line shows the fernspore percentages. (From
Tschudy et al. 1984)
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of Doom is intended for a popular audience, while
Plants and the K–T Boundary will tell you much more
about vegetation changes. Another exciting development has been the systematic exploration of sites
resembling Figure 5.28 elsewhere in the world.
Remarkable new and detailed descriptions of vegetation changes at the K–T boundary have emerged from
locations including southern South America (Barreda
et al. 2012) and Antarctica (Bowman et al. 2014).
The end of the dinosaurs and rise of the mammals
has captured the human imagination. Hence the
interest in the K–T extinctions. The rise of ﬂowering
plants may have been just as signiﬁcant, but generally

receives less attention. Still, this was a single catastrophe. Science deals, whenever possible, in general
principles rather than special cases. Table 5.3 and
Figure 5.30 illustrate that there have been many more
such impacts. These data have at least three constraints: (1) only larger objects make it through the
atmosphere without burning up, (2) erosion buries or
erases older craters, and (3) many craters likely remain
undiscovered. Apparently such impacts are relatively
frequent.
We do have observational data on one such impact
in 1908, the Tunguska event in central Siberia.
Unfortunately it occurred rather far away from
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Table 5.3 Characteristics of the ten largest (rim-to-rim diameter) terrestrial impact
structures on Earth. (From Earth Impact Database 2016)
Crater name

Location

Diameter (km)

Age (Ma)

Vredefort

South Africa

160

2023  4

Chicxulub

Yucatan, Mexico

150

64.98  0.05

Sudbury

Ontario, Canada

130

1850  3

Acraman

South Australia

90

~590

Popigai

Russia

90

35.7  0.2

Manicouagan

Quebec, Canada

85

214  1

Morokweng

South Africa

70

145.0  0.8

Kara

Russia

65

70.3  2.2

Beaverhead

Montana, USA

60

~600

Tookoonooka

Queensland, Australia

55

128  5

Crater diameter
0.02–5 km
5–20 km
20–50 km
50–100 km
100–300 km

FIGURE 5.30 The distribution and size of terrestrial impact structures on Earth. (From French 1998
with updates)
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scientists and observing equipment. We would have
had rather better information had it hit London or
New York. It has been estimated that the object
weighed between 105 and 106 tons and arrived at a
speed of 100,000 km h–1. Because of the remoteness of
the site, it was not investigated scientiﬁcally until
1927. The Russian scientist L. A. Kulik found that an
area of pine forest was ﬂattened; around the epicentre
everything was scorched, and very little was growing
two decades later. The felled trees all pointed away
from the epicentre. The absence of any object or crater
suggests that the object, possibly a comet fragment,
disintegrated in the atmosphere (Encyclopaedia Britannica 1991b).
Some of the interest in these events was triggered
by the realization that a nuclear exchange could
generate similar effects, including a nuclear winter.
The immense amounts of soot entering the atmosphere would likely be enough to create a nuclear
winter. (Recall how ash from a single volcano –
Krakatoa, Section 5.4.2 – reduced temperature for
several years.) A short historical digression, since
younger readers may have no idea of the huge nuclear
arsenals that faced each other in the 1970s, when two
nations possessed the power to destroy each other
many times over. Such was the overkill that even if
the USSR had somehow attacked ﬁrst and destroyed
the more than 1,000 US intercontinental ballistic
missiles (ICBMs), all US strategic bombers and all
nuclear armed submarines in port, the United States
would still have had enough nuclear warheads left

Box 5.1

(ca. 2,400) on submarines at sea to destroy the
300 largest cities and towns in the USSR (Forsberg
1982). The same is true the other way around with
slightly different ﬁgures. This capacity of mutually
assured destruction (MAD) discouraged warfare, but
left the fear that a war might happen by accident, or
that someone might decide that launching ﬁrst was
still a better option than waiting. Data from other
bombing campaigns, along with growing understanding of events such as the K–T, raised fears that a
nuclear war would likely leave no winners and a
seriously damaged biosphere. And hence added
interest in the K–T event: Wolbach et al. (1985) were
able to observe that the nuclear winter models then
being considered might signiﬁcantly underestimate
the efﬁciency with which soot is carried into the
atmosphere by ﬁres. That is, the nuclear winter might
be worse than predicted. Still a nuclear winter would
not likely have extinguished all life, although as one
popular writer (Schell 1982) put it, a post-nuclear
biosphere would be “a republic of insects and grass.”
So, in actuality, the study of rare but intense impacts
has had important consequences for international
politics and human history.
While we are on the topic of warfare and disturbance, we should note that while humans have so far
avoided a nuclear winter, there are many documented
historical examples of lesser kinds of disturbance from
warfare including the felling of forests to make
wooden ships and the spraying of herbicides to
remove hiding places for enemy guerillas (Box 5.1).

Warfare as a Disturbance

It may at ﬁrst seem out of place in a plant ecology book, but it would be irresponsible and inaccurate not to
address the disturbances caused by human warfare. War is normally treated as just a human tragedy, but it is
often also a signiﬁcant cause of disturbance in natural communities. Here are just four examples.
1. Peloponnesian wars. The Peloponnesian wars lasted for nearly three decades during the ﬁfth century BC,
as the Athenian Empire fought the Spartan Alliance in “a terrible war that changed the Greek world and its
civilization forever” (Kagan 2003 p. xxiii). In repeated naval battles, one reads of losses of hundreds of
triremes, and each of these had to be replaced by the Greek taxpayers – and, more to the point, their forests.
In one battle alone, at Arginusae (406 BC) the Spartans lost 77 ships and the Athenians a further 25
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(cont.)

(Kagan 2003, p. 458). The great forests of the
Mediterranean once included the famed cedars of
Lebanon. The Epic of Gilgamesh says “They gazed
at the mountain of cedars, the dwelling-place of
the gods. . . The hugeness of the cedar rose in
front of the mountain, its shade was beautiful, full
of comfort” (Sanders 1972, p. 77). Many of these
were felled to make warships, and then the area
was grazed by goats (Thirgood 1981). You will
read more about this in Figure 13.2. You can still
see such deforested landscapes in current news
footage from the Middle East.
2. Vietnam War. The Vietnam War saw one of the
greatest uses of bombing by aircraft in history.
FIGURE B5.1.1 C-123 aircraft spraying defoliants
Explosives were dropped from bombers, creating
enormous crater ﬁelds in wetlands, while napalm over Vietnam in 1965. The four planes covered a
350 m wide swath in each pass over the forest
set forests alight. The largest scale effects, in
terms of area, were likely the aerial spraying with (United States Air Force).
herbicides (Figure B5.1.1), which were most
intense in the southeast, particularly Dong Nai. Between 1961 and 1971 more than 6.6 million hectares
of forest were sprayed, and of these, 293,000 ha were sprayed ten or more times (Stellman et al. 2003).
Overall, some 2 million ha of forest were destroyed. In some areas, forests were replaced by bamboo, or
herbaceous grassland. Recurring ﬁre in these grasslands has not only prevented forests from re-establishing,
but it has encroached on nearby forests (Westing 1989). On steep slopes, erosion has been severe. “It has
become quite clear that, for vegetational recovery to occur in the seriously damaged inland forests, ﬁre must
be excluded and, moreover, that the worst damaged areas will require artiﬁcial planting (p. 352). Thirty years
later, in 1999, one could still see sprayed swaths as straight-line clearings across the forest.
3. Iran–Iraq War. The Tigris–Euphrates river system supports several enormous wetlands. During the war
between Iran and Iraq (1980–88), the dictatorship of Saddam Hussein drained the vast Central Marsh of
Mesopotamia (al-Hammer marsh). Since the indigenous marsh Arabs were viewed as potential allies of the
Iranians, Saddam Hussein diverted almost the entire ﬂow of the Euphrates into a 560 km long drainage
canal. Construction was often carried out in a brutal manner: “artillery initially bombards a district where
engineering works are planned, so as to clear the local population; troops move in, to secure the district. . .
Once a section has been completed, mines are laid to protect the embankments from attack” (Pearce 1993b).
In the mid 1970s the marsh area was about 8,926 km2 (about the original size of the Everglades), but had
shrunk to only isolated patches of 1,296 km2 by 2000. Some dikes were broken after the war to reﬂood
selected areas, but the boundary between Iraq and Iran is still unstable, making restoration difﬁcult
(Lawler 2005).
4. Congo Civil War. Civil wars make government difﬁcult or impossible. Hence the establishment of protected
areas is weakened, and even when established formally, their continued use by guerillas and displaced
(Continued)

195

Comp. by: K.VENKATESAN Stage: Revises2 Chapter No.: 5
Date:8/2/17 Time:09:38:27 Page Number: 196

196

Title Name: Keddy

Disturbance

Box 5.1

(cont.)

residents means continued loss of trees cut for cooking and animals used for food. In some areas this had
led to the phenomenon of empty forests (Redford 1992), areas that look green from the air but have few
animals left. As you will see in Chapter 7, many of these animals are needed to either pollinate trees or
disperse their fruits. In addition, illegal logging may increase either due to lack of enforcement, or to raise
money for combatants. The Congo River Basin is one the world’s largest wetlands (Figure 13.13), and the
west coast of Africa is an area of high biological diversity (Figure 13.11). Civil war has raged there for
decades. To maintain the natural plant communities of areas like Virunga National Park (established in
1925, some 800,000 ha, with habitats ranging from ﬂoodplain swamps to alpine vegetation) political
stability is necessary.
The most obvious effect of warfare is the production of craters from bombing and shelling. But as you can see
from the examples above, other effects such as draining wetlands or feeding guerilla armies on bush meat may
in fact affect much larger areas of vegetation.

And, one more example. The red poppy, which now
symbolizes the military deaths in World War I, is
another plant species that survives in a buried seed
bank (Section 5.6.2). In areas of France and Belgium

where the plant cover was disrupted by shelling and
trench warfare between 1914 and 1918, poppies
emerged from buried seeds and ﬂowered. Hence the
connection between poppies and war remembrance.

5.5 Measuring the Impacts of Disturbance With Experiments:
Two Examples
Thus far we have explored a wide array of observations on natural disturbances that happened as natural phenomena. To better understand how plants and
vegetation respond to disturbance, one might consider
creating disturbances of different types and measuring the responses. There is a growing number of such
studies. Let us look at two, one from forests, the other
from wetlands.

5.5.1 Forested Watersheds at
Hubbard Brook
The Hubbard Brook valley in the White Mountains of
northern New Hampshire is covered by second-growth
northern deciduous forest growing in shallow soil
over gneiss bedrock (Figure 5.31). Principal plant
species of the area include Acer saccharum (sugar

maple), Fagus grandifolia (beech), Tsuga canadensis
(hemlock) and Pinus strobus (white pine). Variants of
this type of forest stretch from Nova Scotia in the east,
to Minnesota in the west, and south in the Appalachians to Virginia and North Carolina. This is also
the type of forest that I can see out of my ofﬁce
window here in Lanark County, Ontario.
The experimental forest covers approximately
3,000 ha. In preparation for the experiments, a series
of adjoining watersheds was identiﬁed, and near the
base of each, a weir was constructed to monitor
stream ﬂow and water chemistry (Figure 5.32). In this
way, nutrient outputs for an entire watershed could be
monitored by sampling at a single point. One watershed (W6) served as a reference system; another (W2)
was experimentally deforested and maintained bare
for three years before vegetation was allowed to
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FIGURE 5.32 The weir at Watershed 4 (Hubbard
Brook Experimental Forest) showing a ﬂow of
0.6 l s–1. Average annual ﬂow of W4 is 9.2 l s–1.
(From Borman and Likens 1981)

FIGURE 5.31 A young, second-growth northern
deciduous forest at about 600 m elevation on Mount
Moosilauke, New Hampshire. The forest was logged
about 65 years prior to the photograph. (From Borman
and Likens 1981)

regrow, while another (W4) was clear-cut in strips
over a four-year period (Figure 5.33). Comparisons
among these watersheds provided a great deal of data
on the way in which forests cycle nutrients. The
results of this work were published in a series of
scientiﬁc papers during the 1970s and were summarized in Likens et al. (1977) and Bormann and Likens
(1981). Here are a few of the key observations.
In the deforested watershed, annual run-off
increased by some 30 percent and storm peaks were
accentuated; this was the result of transpiration being
all but eliminated. Loss of soil particulates increased
by about a factor of ten, from 1,491 to 8,834 kg ha–1.

The concentration of most dissolved nutrients in runoff increased several fold after cutting (Figure 5.34)
and produced net losses of soil nutrients including
nitrate (>114 kg ha–1), calcium (>77 kg ha–1) and
potassium (>30 kg ha–1). These nutrient losses
reached a maximum after two years of de-vegetation,
although the treatment continued for a further year,
presumably the result of “progressive exhaustion of
the supply of easily decomposable substrate present
in the ecosystem” (Likens et al. 1977, p. 88) at the
start of the experiment. This series of experiments
showed the degree to which plants are able to exercise
biotic control of watersheds: “These processes,
integrated within limits set by climate, geology,
topography, biota and level of ecosystem development, determine the size of nutrient reservoirs and
produce nutrient cycles typiﬁed by minimum
outputs of dissolved substances and particulate matter
and by maximum resistance to erosion” (Likens et al.
1977, p. 78).
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The Hubbard Brook study emphasized that ecosystems tend to store and recycle their nutrient capital,
and one of the important detrimental effects of human
disturbance is to increase the rate of leakage of nutrients. This work emphasizes the importance of declining
soil fertility as a potential constraint on sustainability;
that is, some landscapes may be unable to withstand
repeated logging due to the combination of nutrient
losses from the biomass that is removed and from
erosion and leaching of the soil. Species that grow
rapidly after disturbance may be particularly important
for reducing leakiness since they recover and retain
nutrients used in later stages of forest recovery.

5.5.2 Marshes Along the Ottawa River
Herbaceous vegetation forms along rivers where
ﬂooding or ice damage prevents woody plants from
establishing. The Ottawa River in southern Canada is
typical of many temperate zone rivers, with extensive
wet meadows dominated by sedges (Carex spp., Eleocharis spp.) higher on the shore, and emergent

W–3

FIGURE 5.33 The
Hubbard Brook
Experimental Forest
showing monitored
watersheds 1, 3, 5, 6,
and experimentally
manipulated watersheds
2 (deforested), 4
(strip-cut) and 101
(commercially clear-cut).
Note elevational gradient
with northern hardwoods
giving way to spruce-ﬁr
forest at higher
elevations and on knobs.
(Bormann and Likens
1981)

marshes (with Scirpus spp., Typha spp. and Sparganium spp.) in shallow water. This vegetation is the
result of many kinds of disturbance at many different
scales (Day et al. 1988). To understand more, it is
necessary to create experimental disturbances, measure the results and monitor recovery. Moore (1990,
1998) did exactly this. He artiﬁcially created bare
patches in ﬁve different vegetation types along an
exposure gradient. At each site, above-ground biomass was removed from 1-m2 plots and the vegetation
in them repeatedly compared with undisturbed controls over two growing seasons. There were two
questions: (1) did the measured disturbance effects
change among the particular ecological properties
measured? And (2) did the effects vary among the ﬁve
wetland types? The properties measured included the
abundance of selected species, as well as higher-order
properties including biomass and diversity. Overall,
the experimental disturbances had only small consequences. A single growing season was sufﬁcient for
community-level properties such as biomass, richness
and evenness to return to control levels (Figure 5.35).
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6

FIGURE 5.34 The
annual weighted average
of three dissolved ions in
the water of two streams:
(●) Watershed 6 was the
control, while (▲)
Watershed 2 was devegetated. The shading
shows the period in which
the valley was devegetated. (From Borman
and Likens 1981)
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The dominant plants that had been removed from
each site tended to remain depressed for the ﬁrst
growing season, although by the second year effects
were negligible. At the level of plant functional types
(which Moore called guilds) recovery was also rapid,
although there were minor changes, such as a modest
increase in facultative annuals. Overall, it appeared
that removing above-ground biomass had a marginal
and short-lived effect on this vegetation type; this
may not be a great surprise, given the dynamic nature
of riparian wetlands.
The more signiﬁcant parts of this story relate to the
fact that Moore incorporated a naturally occurring
disturbance gradient, so one could compare how
experimental disturbance interacted with natural

disturbance. Moreover, he used the procedure suggested above (Section 5.2) of measuring response to
disturbance along a scale from 0 to 1, that is from no
change in composition to complete change in composition. For this reason alone his results deserve a
second look. For each property of a vegetation type
(e.g. biomass, diversity) the magnitude of disturbance
effects was evaluated as Z, where

Z ¼ ðx 0 = x t Þ  ðyt = yo Þ:
Here x0 is the mean value before treatment in the
control sites, xt is the mean value after treatment in
the control sites, y0 is the mean value before treatment
in the disturbance sites, and yt is the mean value after
treatment in the disturbance sites (see Ravera 1989).
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FIGURE 5.35 Marshes along rivers (left) are subject to many kinds of natural disturbance including scouring
by waves and moving ice. The right-hand graphs show the impacts of an experimental disturbance – the removal
of all above-ground biomass – upon ﬁve wetland communities. Z is a measure of departure from control plot
values: larger Z values therefore indicate greater effects of the experimental disturbance. The effects increase from
left to right; that is, habitats with higher biomass and lower rates of natural disturbance were most affected.
(Quebec marshes, by Paul Keddy after Moore 1998)

The value of Z is independent of initial levels of the
properties and is also independent of any ongoing
temporal trends in the community. A Z value of 1.0
indicates no treatment effects, while values above or
below 1 indicate increase or decrease. Figure 5.35
shows that, in each case, the experimental

disturbance had the greatest effects in sheltered
bays. That is, sites with higher biomass and higher
fertility tended to be the most sensitive to disturbance.
Perhaps this is because these are the riparian
communities where disturbance is normally most
infrequent.

5.6 Disturbance Creates Gap Dynamics
Sometimes disturbance causes discrete gaps to form:
think of a single uprooted tree, or a pile of earth from
an animal burrow or a fresh landslide. In this section
we want to explore how plants respond to the creation
of such gaps. You will ﬁnd that this phenomenon is
sometimes called gap dynamics and sometimes patch
dynamics. They mean the same thing and are used
interchangeably.

5.6.1 Many Kinds of Trees Regenerate
in Gaps
The forested areas of the world are shaded by leaf
canopies. When a gap forms in the canopy, there is
increased light and tree species below begin growing
upwards to ﬁll the gap. As our example, let us spend
some time in the southern regions of the Appalachian
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Mountains in eastern North America. These mountains have one of the world’s richest deciduous forests:
there are ﬁve species of magnolia, ten species of oaks,
seven species of hickory, along with a rich array of
other woody plants (Stupka 1964). The other two
principal areas of deciduous forests occur in western
Europe and eastern Asia. Once these forest areas were
contiguous, as illustrated by the species and genera
that these three regions share, but drifting continents
and changing climates have now isolated them from
one another (Braun 1950; Pielou 1979).
The large number of tree species in the southern
Appalachian forests can be accounted for by a number
of factors. History is probably important. During the
ice age, tree species were able to migrate southward
along the mountains; in contrast, trees in Europe may
have been trapped by the Alps and driven to extinction. As a result, species known from past interglacial
periods no longer occur in Europe. The high number of
tree species found in the Appalachians is also probably caused by variation in topography. Differences in
slope, aspect, altitude and exposure provide habitat
Carya spp.

Liriodendron tulipifera

Quercus prinus

Quercus rubra

for different species of trees (Whittaker 1956). In
addition, extreme sites may provide refuge from
competition (Keddy and MacLellan 1990). There is
also evidence that tree species alternate with one
another, saplings of one species establishing under the
canopy of another (Fox 1977; Woods and Whittaker
1981). Here, however, we want to focus on one other
important factor: gap regeneration. As you have read
in the preceeding sections, there is constant disturbance within deciduous forests, from relatively large
gaps carved out by severe storms to individual trees
falling. As soon as a canopy gap forms, species
beneath the gap being growing upwards to ﬁll it. Each
size of gap will also have a different light regime.
Depending upon their light requirements, different
tree species may succeed in ﬁlling the gap (Grubb
1977). Hence, even in ﬂat landscapes which appear
relatively homogeneous, the tree canopy and different
gap sizes create a form of biological heterogeneity.
To experimentally study the role of gap regeneration in maintaining the diversity of tree species in
deciduous forest, Phillips and Shure (1990) cut gaps of
Robinia pseudoacacia

40
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Acer rubrum

20
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0
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FIGURE 5.36 The
regeneration of six
species of tree in
artiﬁcially created gaps
of four sizes in deciduous
forest in North Carolina.
The abundance of each
species is expressed as a
percentage of the total
biomass. Mean value
before cutting (green
bar), second year after
cutting (○). (Data from
Phillips and Shure 1990)
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5.6.2 Buried Seeds (“Seed Banks”) Allow
Regeneration After Disturbance
When a gap arises, it is often the ﬁrst species to arrive
that are most successful at establishing. Many plant
species therefore have buried reserves of viable seeds
(sometimes called seed banks) that rapidly establish in
a gap. This is particularly common in herbaceous
species in wetlands, where seed densities in excess of a
thousand seeds per square metre are common in both
prairie marshes and freshwater coastal marshes, and
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four different sizes (0.016, 0.08, 0.4 and 2.0 ha) in a
tract of deciduous forest in North Carolina. Then they
monitored regeneration in those gaps. Two years after
cutting there were marked differences (Figure 5.36).
On the left, Carya species and Quercus prinus showed
very low regeneration in the gaps; this may have
reﬂected a dependence upon simultaneous ﬁre (not a
part of this experiment) to remove leaf litter. Liriodendron tulipifera (a member of the magnolia family)
had highest regeneration in the smallest gaps but was
able to colonize most sizes. Robinia pseudoacacia (a
member of the pea family) showed a striking preference for the largest clearings. Quercus rubra grew best
in the smallest gaps. Many other studies show similar
patterns in a wide array of forest types from Amazonian rain forest to Australian eucalypt forests to
mangrove swamps (Lugo and Snedaker 1974; Grubb
1977; Denslow 1987). One can nearly always ﬁnd a
group of species that depend upon canopy gaps
to establish. It is often a convenient place to start
learning about one’s local forest ecology.
These gap-dependent species are often mixed with
species having other regeneration requirements. Some,
like the Carya species mentioned above, may depend
upon larger and more intense disturbance including
ﬁres. Others may occupy extremely dry sites that other
tree species cannot tolerate. And still others may be
organized in competitive hierarchies along light
gradients (Figure 5.37). Gap dynamics may be most
important in the mesic fertile sites that otherwise would
be dominated by shade-tolerant long-lived trees.
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FIGURE 5.37 Disturbance may affect forests in
multiple ways simultaneously. Gap dynamics may be
particularly important for maintaining tree diversity
in mesic and fertile sites (the centre of the diagram).
Large-scale disturbances, may, like extreme site
conditions, allow species intolerant of competition,
particularly shading, to exist. In between these two
extremes, along soil fertility gradients, species may be
sorted out in competitive hierarchies. (Keddy and
MacLellan 1990)

densities in excess of ten thousand per square metre are
common in wet meadows (Table 5.4). These play a vital
role in allowing plants to re-establish after drought,
ﬂooding or intense grazing (e.g. van der Valk and
Davis 1976, 1978; Keddy and Reznicek 1982, 1986).
How, if a seed is buried, does it become aware that
a gap has formed? Many buried seeds appear to detect
gaps from three factors: increased ﬂuctuations in soil
temperature, increased quantity of light and changes
in the quality of light (Grime 1979). Thus most plants
adapted to exploit natural disturbances are stimulated
to germinate by a combination of high light levels and
ﬂuctuating temperatures (Grime et al. 1981). For
many marsh and wet meadow species, regeneration in
gaps provides the only opportunity for establishment
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Table 5.4 Reserves of buried seeds are an important
feature of wet meadows and marshes. (Adapted from
Keddy and Reznicek 1986)
Study

Habitat

Seedlings
m–2

Prairie marshes
Smith and
Kadlec (1983)

Typha spp.

2,682

Scirpus acutus

6,536

S. maritimus

2,194

Phragmites australis

2,398

Distichlis spicata

van der Valk
and Davis
(1978)

van der Valk
and Davis
(1976)

Leck and
Graveline
(1979)

Nicholson
and Keddy
(1983)

Lakeshore, 75 cm
water

38,259

Keddy and
Reznicek
(1982)

Waterline of lake

1,862

30 cm below
waterline

7,543

60 cm below
waterline

19,798

90 cm below
waterline

18,696

120 cm below
waterline

7,467

150 cm below
waterline

5,168
8,511

850

Open water

70

Open water

3,549

Scirpus validus

7,246

Sparganium
eurycarpum

2,175

Wisheu and
Keddy (1991)

Wilson’s Lake

Typha glauca

5,447

McCarthy
(1987)

Hirst Lake

24,430

Scirpus ﬂuviatilis

2,247

Hirst Lake

16,626

Carex spp.

3,254

Goose Lake

11,455

Open water

2,900

Goose Lake

3,743

Typha glauca

3,016

Wet meadow

826

Canadian Shield

2,324

Scirpus ﬂuviatilis

319

Freshwater coastal marshes
Moore and
Wein (1977)

Lakeshore marshes

Typha latifolia

14,768

Former hayﬁeld

7,232

Myrica gale

4,496

Streambank

11,295

Mixed annuals

6,405

Ambrosia spp.

9,810

Typha spp.

13,670

Zizania spp.

12,955

Beaver ponds
Le Page and
Keddy (1988)

from seed. Grubb (1977) coined the term “regeneration
niche” to describe the many ways in which plant
seedlings and juveniles can exploit the different kinds
of natural disturbance. In wetlands in eastern North
America, the yellow ﬂowers of Bidens cernua
(Figure 5.38) are a reliable indicator that there has
been a natural disturbance of some sort; after a beaver
dam has collapsed, or in a drought year, they emerge
en masse from accumulated seeds. During longer
periods of high water, Bidens may ﬂower only on the
tops of beaver or muskrat houses where mud with
seeds has accumulated.
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FIGURE 5.38 Wetland
plants such as the
yellow-ﬂowered Bidens
cernua regenerate from
buried seeds during
periods of low water, in
this case from a
collapsed beaver dam.
In the foreground are
seedlings of multiple
species of grasses and
sedges. Table 5.4
documents the high
densities of buried seeds
in such habitats.
(By C. Keddy, 2005)

Of course there are exceptions. In saline wetlands,
seed densities are often low (<50 m–2) (Hartman 1988)
and a majority of the re-vegetation occurs by expansion
of plants bordering the gap (Hartman 1988; Allison
1995). This exception is probably a consequence of the
constraints that salinity places on the establishment of
seedlings; periodic ﬂooding with fresh water may provide the only opportunity for some saltmarsh species to
establish from buried seeds (Zedler and Beare 1986).
There is one other exception. While herbaceous
plants often have seed banks, it is much less common
in trees (Grime 1979). Tree seeds tend to germinate
and establish seedlings within a year, and it is then the
seedlings that wait for a gap to open. Thus when you
walk through a forest, wet or dry, you will often see
thousands of young trees that have established and
are waiting for a gap to form above them.

5.6.3 Rivers Create Gaps by Depositing
Sediment
Gaps are also formed where rivers deposit new
sediment, as you saw earlier in this chapter.

Let us just revisit the topic brieﬂy within the
context of gap dynamics. Natural processes of gap
formation by erosion and deposition still occur in the
valleys of some rivers such as the Amazon (Salo et al.
1986) and northern North American rivers (Nanson
and Beach 1977), but overall they have been greatly
reduced around the world (Dynesius and Nilsson
1994). The Rhine River, for example, has been
markedly manipulated with dams, dikes and channels, whereas there were once extensive alluvial
forests associated with water level ﬂuctuations of
two to three metres (Schnitzler 1995). These forests
were of two main types: a “softwood” type (alder/
poplar/willow) and a “hardwood” type (maple/ash/
oak/elm). Newly deposited alluvial sediments are
generally colonized by the softwood group, but
after a period of 20 to 30 years, the hardwood
species begin to establish. The challenge for
conservation management of such rivers is to
re-initiate the natural processes of erosion and
gap formation to allow the full natural array of
vegetation types to re-establish (Hughes 2003;
Keddy 2010).
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5.7 Logging is a Disturbance Caused by Humans
Logging is a widespread cause of disturbance in
forests (Botkin 1990; Bryant et al. 1997). The most
obvious consequence is the removal of trees. One way
of measuring the intensity of logging is simply by the
proportion of the standing biomass that is removed.
By this criterion, selective removal of trees is likely to
be less damaging that clear-cutting (although certain
trees require large gaps, or even ﬁres, for regeneration). Removing trees also allows light to reach the
forest ﬂoor. Removing trees also extracts nutrients –
the more wood removed, the more nutrients exported.
Since wood itself has rather low nutrient levels, compared to branches and leaves, chipping and whole tree
harvesting are more serious causes of nutrient loss. In
sites with inherently low fertility, trees may be
replaced by barrens. Often, it is the secondary effects
that may have more impacts: the construction of
roads, ruts from skidders, bark damage to trunks from
skidding and later erosion.
One often reads assertions that logging is just the
same as ﬁre, and that all forests beneﬁt from disturbance. This is a good example of the careless use of
the word disturbance, which I warned against at the
beginning of this chapter. “Disturbance” by ﬁre is very
different from “disturbance” by logging. For example,
most ﬁres leave standing dead trees that provide
wildlife habitat. Fires may stimulate germination of
plant species that require heat or smoke to break
dormancy. The ashes left at the site provide
nutrients for newly emerging plants. Access roads
are not created by ﬁre (although, perhaps, by ﬁre
ﬁghters).
One area of controversy is the degree to which
forests will recover after logging. From one perspective, forests are so sensitive that a single period of
extraction will shift plant composition permanently.
That is “primary forests” may not recover from logging. From another perspective, forests are sufﬁciently
resilient that they will recover to their original state
after a speciﬁed period of time. There is no denying

that after logging, some trees and plants return. This,
after all, is the well-known phenomenon of secondary
succession (Section 8.4). But are they similar to those
of the original pre-logging state? Or precisely, how
closely do second-growth forests come to the original
old growth? The deciduous forests of the Appalachian
Mountains are a good test area for asking this question. These forests are important because they are
likely the largest piece of deciduous forest left on
Earth, with areas protected to varying degrees within
national parks and state forests (recall Section 5.6.1).
Understorey herbs, particularly spring ephemerals,
provide a group of target species suitable for
answering this question. Duffy and Meier (1992)
located nine primary (“old growth” stands) in the
southern Appalachian Mountains. They then sought
nine sites to pair with these, as similar as possible,
except that they had been logged from 45 to 87 years
earlier. The data show that every second growth site
had fewer species of understorey plants. The authors
conclude “even 50 to 85 years following deforestation, succession of herbaceous understorey plants in
secondary mixed-mesophytic forests of the southern
Appalachian Mountains resulted in only half the
species richness and one-third the total cover measured in primary forests.” The histogram bars in
Figure 5.39 are ordered by time since logging, and
there is no indication that the species richness
increases over time. The interpretation of this data, of
course, raises further questions. It is possible that the
sites that were logged were inherently different from
the primary forest sites, in spite of attempts to ﬁnd
equivalent forest types. It may be that the removal of
trees permanently altered some physical characteristic
of the site. The effects of logging roads might be one
suspect; Duffy and Meier point out that fallen trees
produce pit and mound topography, and clear-cutting
may have reduced or eliminated this process and the
diversity it creates. Another possibility is that the
original woodlands established in a different period of
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FIGURE 5.39 The number of species of understorey plants per square metre in nine stands of primary mesophytic
forest in the Appalachians, and for nine nearby stands that were clear-cut from 45 to 87 years earlier (data from
Duffy and Meier 1992). Note that the second growth forest becomes older from left to right. On the right is
Podophyllum peltatum, about 25 cm tall, a common understorey species in deciduous forests.
climate, and so represent a habitat type that cannot
regenerate under current conditions.
Although it was just one study of one group of
plants in one forest region, this example raises profound questions that apply to many other vegetation
types. How much disturbance is natural and necessary – gap dynamics (and pits and mounds) show that
disturbance from single fallen trees is necessary. We
also know that wind storms can fell entire tracts of
forest. But the assertion that logging, selective-cutting
or clear-cutting is similar is inherently doubtful, based
simply upon how different the processes of logging
and windfall are. And the question as to how frequently a site can be disturbed, and how intensely,
without leading to irreversible changes is one that we
could pose for any vegetation type with which
humans interfere. At one extreme, the forests of the

Mediterranean have been abused by logging and
grazing for so many centuries with so much accompanying soil erosion, it is likely that reforestation
while desirable, will lead to forests that differ in signiﬁcant ways from the primary forest that once grew
there. There may be large areas of secondary forest,
however, which are already perturbed, and with
careful logging practices can continue to produce
wood while maintaining the semi-natural vegetation
that approximates the original.
We will return to logging in the ﬁnal chapter, but ﬁrst
we have to look in more detail at issues such as change
with time in forests (Chapter 8) and the regeneration of
plant populations (Chapter 9). With these foundations
established, in the ﬁnal chapter we will return to a
consideration of how sustainable logging might be
viewed within a disturbance and recovery framework.

5.8 Multiple Factors in Plant Communities: Fire, Flooding and Drought
in the Everglades
Many kinds of disturbance may operate simultaneously in one landscape. Together they can produce
many different kinds of overlapping patches, each
with its own species composition. Let us explore
multiple kinds of simultaneous disturbances in the

vegetation of the Everglades, as interpreted by White
(1994). The Everglades are not uniform: in fact, he
says, they have “a great deal of structural and compositional variation, from open water sloughs with
sparse macrophytes to sedge- and grass-dominated
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freshwater marshes, open pine stands and dense
broad-leaved evergreen forest.” He lists nine forces
that are acting on this mosaic; they range from those
that show gradual change (e.g. climate, sea level, for
which change is measured on time scales greater than
102 years) to disturbances for which change is measured on scales of less than 102 years (e.g. drought, ﬁre,
storms, freezing temperatures). These latter natural
disturbances tend to be short-lived events, but the
communities recover from them slowly. Hence there is
a basic asymmetry that we saw earlier in this chapter:
disturbance is fast; recovery is slow. These lags mean
that periodic disturbances can generate a mosaic representing a particular degree of recovery from the last
disturbance. The rates of recovery will depend upon
the amount of vegetation (if any) that persists through
the disturbance, the inﬂux of new propagules from
adjoining areas and the productivity of the site.

In the Everglades, 11 of the 15 plant community
types depend upon just two factors: hydrology and
ﬁre. Both of these factors are in turn connected to
relative elevation. In general, as peat accumulates, the
vegetation changes from sloughs to treed islands (the
main sequence running diagonally from lower left to
upper right in Figure 5.40). Low-intensity ﬁres will
create patches in the vegetation, but intense ﬁres can
consume peat, thereby lowering the relative elevation
of the site and returning it to a much wetter vegetation type. The more intense the ﬁre, the longer will
be the recovery time. Intense ﬁre and alligators
(Figure 5.14) are apparently the only processes that
can actually increase the wetness of a site. Since the
mid 1980s, approximately 25 percent of the wet
prairie and slough in the Everglades has been replaced
by stands of sawgrass, probably as a consequence of
reduced ﬂooding and decreased ﬁre frequency. Wet
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FIGURE 5.40 The
vegetation of the
Everglades plotted
against two axes: relative
elevation and relative
biomass. The main
diagonal from lower left
to upper right consists of
the change from shallow
water (slough) to forest
(tree islands) as peat
accumulates and soil
elevation increases.
Disturbances such as ﬁre
push the community to
the lower left, that is
toward vegetation with
lower elevations and
lower biomass. (White
1994)
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Disturbance

prairies and sloughs have higher plant diversity, are
major sites of periphyton production, and are
important habitats for crustaceans and ﬁsh. Drainage
and ﬁre control therefore has not only changed the

CONCLUSION

vegetation but also the capacity of the area to produce
and support other organisms. Restoration of the
Everglades will require, among other factors, more
ﬂooding and ﬁre.

It was not my intention to catalog and describe every disturbance that can occur in plant
communities. You may have skipped a few, which is ﬁne. More could also be found. You
might take it as an exercise to add one more example from your own landscape. The point
of surveying so many examples was to discover how phenomena that appear very
different all share a few basic properties. Each kind of disturbance has four measureable
characteristics: duration, intensity, frequency and area. Each kind of disturbance has one
primary factor in common – biomass is removed. Each kind of disturbance has other
secondary consequences, including changes in soil organic content, nutrient levels or
even elevation and moisture. Let us close simply by putting many of these different kinds
of disturbance into a single ﬁgure based upon their intensity and their area (Figure 5.41).

FIGURE 5.41 Some common disturbances plotted along two axes, area and intensity.
Note that further down on the vertical axis means a greater decline in the amount of
biomass, and greater change in the vegetation. These areas are all approximations, of
course. Consider grazing. As drawn, it causes moderate changes in vegetation over
relatively large areas (see Figure 6.1 to imagine the landscape). If carried out long
enough, by enough animals, grazing will indeed remove all the biomass and create
deserts, a topic we will return to under goat grazing (Box 13.2).
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Further Reading

Review Questions
1. Which ecoregion do you live in, and what kind of natural disturbance was prevalent
in your ecoregion 1,000 years ago?
2. What are the four properties of disturbance? Contrast an animal burrow with a
landslide using these four properties.
3. What is the natural ﬁre return frequency in your landscape? Make some predictions
about what might happen if this frequency were either increased or decreased.
4. Explain how rivers create new habitats.
5. What is a seed bank? How is it related to disturbance? Can you ﬁnd data for seed
densities in your local vegetation types?
6. Explain how the different kinds of disturbance in the Everglades create the array of
vegetation types found there (review Figure 5.40). Find a published local example
illustrating similar principles. Or, create such a drawing for your own landscape.
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