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From an airplane, we often look out the window and sur-
vey the landscape as we begin our final descent. As we

get closer to the ground, our focus changes from an initial
broad survey of the topography to an increasingly detailed
picture of vegetation patterns. Perhaps the first thing we
notice is the extent to which the land is covered by trees or
shrubs (Figure 1). If the location is devoid of woody plants,
we might be landing in a grassland, and if it is completely
covered by trees, we are landing amidst forest with a closed
canopy. These two states represent the extremes of a con-
tinuum of coverage by woody plants (Belsky and Canham
1994; Breshears and Barnes 1999). Much of the terrestrial
biosphere has an intermediate level of coverage by woody
plants and therefore lies between the two extremes – within
a “grassland–forest continuum” (Figure 2). Examples of

such systems include savannas, shrublands, and woodlands,
as well as grasslands with a few woody plants, and forests
with nearly complete canopy closure. Each of these types is
fundamentally differentiated on the basis of coverage by
woody plants, even though the percentages of canopy cov-
erage used to distinguish them are highly variable
(Anderson et al. 1999).

The amount of coverage, as well as the associated
stature and spatial patterns seen in the woody plants,
forms a mosaic within an ecosystem. This woody plant
mosaic not only represents a first-order descriptor of
major vegetation types, but is also a fundamental deter-
minant of many key ecosystem processes and associated
abiotic patterns (Scholes and Archer 1997; Aguiar and
Sala 1999; Martens et al. 2000; Sankaran et al. 2005). It is
well known that woody plants modify the environment
beneath them – the canopy patches – quite dramatically.
They intercept incoming precipitation and solar radia-
tion, thereby creating patterns that are heterogeneous
between the canopy patches and the adjacent inter-
canopy patches. Because woody plants have major effects
on the ecosystem properties of the patches beneath their
canopies, and because these effects can provide feedbacks
to woody and herbaceous plants (Scholes and Archer
1997; Breshears and Barnes 1999), it is important to
understand and quantify these effects for individual sites
as well as for sites along the grassland–forest continuum. 

Understanding trends in ecosystem properties along the
grassland–forest continuum is not simply of esoteric inter-
est, but rather is highly applicable to a diverse and appar-
ently disparate set of environmental issues (Figure 2). For
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In a nutshell:
• Many terrestrial ecosystems lie within a continuum between

grassland and forest 
• Ecosystem properties along the continuum are thought to

depend on differences and connections between patches that
are beneath woody plants and patches that are not

• Diverse environmental problems such as woody plant
encroachment, deforestation, and restoration require an
improved understanding of ecosystem properties along the
grassland–forest continuum
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example, woody plant encroachment, forest die-off, fire
management, and associated restoration all require an
understanding of how changes in the relative proportion
of woody plants influences key ecological processes
(Archer and Stokes 2000; Van Auken 2000; Allen et al.
2002; Breshears et al. 2005). Addressing these issues
requires a better understanding of how ecosystem proper-
ties related to energy, water, and biogeochemistry vary as
a function of woody plant coverage. 

Many studies have focused on how differences among
sites and along gradients within the grassland–forest con-
tinuum result from interactions between climatic, ecolog-
ical, and management factors (Walter 1971; House et al.
2003; Sankaran et al. 2004, 2005). These studies high-

light the need for caution when generalizing across differ-
ent ecosystem types. Nonetheless, many of the effects of
woody plants on the patches beneath them result from
fundamental physical processes, such as interception of
light and precipitation (McPherson 1997; Scholes and
Archer 1997). Previous efforts to differentiate between
diverse systems within gradients of woody vegetation may
have caused researchers to overlook the similarities
between them (Belsky and Canham 1994; Breshears and
Barnes 1999; House et al. 2003; see also Lauenroth et al.
1993). General insights about ecological properties along
the grassland–forest continuum have been hampered by
the narrow scope of most field studies, which usually
focus on a single site (House et al. 2003). 

A few recent papers have explicitly or implicitly devel-
oped synthetic hypotheses about how key ecosystem attrib-
utes related to energy, water, and biogeochemistry vary sys-
tematically with increasing woody plant coverage
(Klopatek et al. 1998; Breshears and Barnes 1999; Martens
et al. 2000; Muñoz-Erickson et al. 2004; Huxman et al.
2005). These hypotheses have yet to be integrated with one
another. They share a focus on the fundamental importance
of spatial heterogeneity in determining means and associ-
ated variances in ecosystem properties, which is a theme of
landscape ecology (Pickett and Cadenasso 1995).
Understanding ecological processes in ecosystems within
the grassland–forest continuum requires consideration not
only of how woody plants modify the areas directly beneath
them, but also of the processes that provide modes of con-
nectivity between canopy and intercanopy patches. For
example, trees shade the areas around them, not just
beneath them, and can obtain belowground resources from
adjacent intercanopy patches through root uptake.
Although modes of connectivity between canopy and
intercanopy patches are generally recognized, their impor-
tance in determining ecosystem properties along the grass-
land–forest continuum has been underappreciated.

Can scientists, land managers, and policy makers gain
useful insights by focusing on the general effects of woody
plants on ecological properties at individual sites, as well as
in the broader context of gradients of increasing coverage?
This paper provides an overview of the many types of
ecosystems and vegetation gradients that can be encom-
passed within the general perspective of the “grassland–for-
est continuum”, focusing on how trends in ecosystem prop-
erties, both within and among sites, result from the
patch-scale heterogeneity and connectivity associated with
woody plants. Key ecosystem properties related to energy,
water, and biogeochemistry that differ between canopy and
intercanopy patches are summarized, as are modes of con-
nectivity between the two patch types. Based on recent
field studies, model simulations, and proposed conceptual
models, the effects of canopy–intercanopy heterogeneity
and connectivity along these gradients are suggested, with a
particular focus on the effects of patch-scale connectivity.

Examples presented here focus on piñon–juniper
ecosystems, which are particularly well characterized with

Figure 1. Mosaic patterns of canopy and intercanopy patches
in piñon–juniper woodlands from (a) afar, across topographic
gradients; (b) directly overhead; and (c) within a woodland.

(a)

(b)

(c)



The grassland–forest continuum DD Breshears

98

www.frontiersinecology.org © The Ecological Society of America

respect to canopy–intercanopy properties, especially at the
Mesita del Buey piñon–juniper woodland in northern New
Mexico. Piñon–juniper woodlands are also regionally
extensive (McPherson 1997; Anderson et al. 1999) and are
sensitive to the effects of both climate (Betancourt et al.
1990; Breshears et al. 2005) and land management
(McPherson 1997; Davenport et al. 1998; Anderson et al.
1999). Additional important ecosystem patterns and
processes can occur at finer scales of spatial heterogeneity
(Wilcox and Breshears 1995), such as bare versus vegetated
patches within intercanopies (eg Wilcox et al. 2003a) or
bare soil locations as opposed to those covered with biotic
soil crust (Loik et al. 2004; Belnap et al. 2005). However,
this finer-scale heterogeneity is often less important than
woody plant canopy–intercanopy heterogeneity and is
beyond the scope of this paper. The general trends discussed
here highlight the importance of patch-scale connectivity
and the potential for nonlinear changes in ecosystem prop-
erties as a function of changes in woody plant coverage.
These trends are applicable to numerous, seemingly dis-
parate environmental issues associated with encroachment,
xerification (sometimes referred to as desertification),
deforestation, die-off, fire, and restoration, all of which are
related to the amount of woody plant coverage at a site. 

! The grassland–forest continuum defined
The grassland–forest continuum is a simple framework for
viewing ecosystems as gradients of increasing coverage by
woody plants (Belsky and Canham 1994; Breshears and
Barnes 1999; Martens et al. 2000; House et al. 2003).
Numerous factors determine ecosystem properties at sites
with varying levels of canopy coverage. Focusing on how
trees modify the patches beneath their canopies relative
to the intercanopy patches that separate them may yield
important but previously overlooked trends in ecosystem
properties. Ecosystem types that can be placed within the
framework of the grassland–forest continuum include not
only shrublands, woodlands, and savannas, but also sys-
tems with banded or striped patterns of vegetation, as
well as grasslands with some woody vegetation and forests
with a few canopy gaps. 

The grassland–forest continuum encompasses several
types of ecological gradient. The first is a climatic gradient,
in which precipitation, temperature, and associated evapo-
rative requirements vary among sites (eg Kerkhoff et al.
2004). One particularly common and important form of cli-
matic gradient is an elevational gradient, in which major
elevation changes over short distances produce climatic
gradients, with associated effects on vegetation (eg
Whittaker and Niering 1975; Padien and Lajtha 1992;
Klopatek et al. 1998; Martens et al. 2001). Another type is
known as an establishment gradient, where woody plants
are establishing within a grassland, sometimes referred to as
“encroachment”, or are increasing in coverage in a savanna
or woodland, sometimes referred to as “thicketization”
(Archer et al. 1988, 2001; Archer and Stokes 2000; Van
Auken 2000). The most dramatic of these types of gradients
is a sharp boundary at a grassland–forest edge, producing a
discrete change from grassland to forest (eg an old field that
has re-established grasses and is adjacent to a closed-canopy
forest; Longman and Jenik 1992; Bonan 2002). As dis-
cussed below, many site-specific changes associated with
disturbance or management can also be viewed within the
context of the grassland–forest continuum.

! Canopy versus intercanopy: patch-scale
heterogeneity

The physical and biological effects of woody plant
canopies on the environment can create substantial het-
erogeneity in several ecological properties between
canopy and intercanopy patches (Figure 1c). Differences
between these two patch types occur in key aspects of
energy, water, and biogeochemistry (Veetas 1992;
McPherson 1997; Scholes and Archer 1997). Canopy
patches usually have more biomass and a higher leaf-area
index than adjacent intercanopy patches. Consequently,
incoming solar radiation and precipitation are subject to
direct physical effects. In addition, the greater biomass
associated with canopy patches generates greater amounts
of litter beneath the woody plant. These direct effects can
lead to several indirect effects also related to energy, water,

Figure 2. Ecosystem properties for which trends in mean and
variance are needed as a function of canopy coverage along the
grassland–forest continuum. Insights gained from studies along
the grassland–forest continuum are needed for a variety of
ecological applications, as highlighted by the lower set of arrows.
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or biogeochemistry. For example, at the Mesita del Buey
woodland, energy inputs of near-ground solar radiation
were 40% lower beneath woody canopies than in adjacent
intercanopy patches (Figure 3). Corresponding soil tem-
peratures were as much as 10˚ C lower beneath woody
canopies, which can substantially reduce soil evaporation
(Breshears et al. 1998). Similarly, precipitation inputs are
substantially reduced as a result of interception by the
canopy (Wilcox et al. 2003b), which can lead to differ-
ences in runoff and associated erosion. In the Mesita del
Buey piñon–juniper woodland, intercanopy patches gen-
erated approximately an order of magnitude more runoff
and roughly 17 times more erosion than canopy patches.
This difference is also due, in part, to the higher infiltra-
tion rates of soils under canopy patches (Reid et al. 1999;
Wilcox et al. 2003a,c). The greater aboveground biomass
and litter inputs associated with canopies are also associ-
ated with belowground biogeochemical properties. At the
Mesita del Buey woodland, canopy patches had more
belowground root mass and soil carbon (Davenport et al.
1996) and faster rates of nitrification and mineralization
(Padien and Lajtha 1992).

The differences between canopy and intercanopy patches
related to incoming water, light, and soil properties (eg
organic content) can act collectively to produce patch-
scale differences in the amount of water available to plants.
This is reflected in measures of soil water potential (Figure 3;
more negative values indicate that water is more difficult to
obtain). The amount of water available to plants is a key
driver of ecological processes in many of the water-limited
ecosystems that lie within the grassland–forest continuum
(Dawson 1993; Breshears et al. 1997a; Tongway et al. 2001).
At the Mesita del Buey woodland, the difference in soil
water potential between canopy and intercanopy patches
varies temporally and can be greater in either patch type,
depending on recent environmental conditions (Breshears
et al. 1997b). Horizontal heterogeneity in plant-available
water may be as important as the vertical variation in terms
of vegetation dynamics (Breshears and Barnes 1999).
Additional studies of horizontal heterogeneity in available
soil water are therefore required (Loik et al. 2004).

! Patch-scale connectivity

Accounting for the differences between canopy and inter-
canopy patches may be insufficient when trying to under-
stand, predict, and manage ecosystem dynamics; the ways
in which the two patch types are connected must also be
taken into account. Some processes provide important
modes of connectivity between canopy and intercanopy
patches. Thus, abiotic properties are transferred from one
patch type to the other or are attenuated by one patch
type before they reach the other. These modes of connec-
tivity include shading of intercanopy patches by trees and
shrubs, uptake of intercanopy resources by these plants,
and redistribution of runoff and associated nutrients from
one patch type to the other, most commonly from inter-

canopy to canopy patches (Figure 4). Shading represents
connectivity as a result of attenuation, whereas both redis-
tribution of runoff and plant root uptake of resources rep-
resent connectivity resulting from the transfer of resources
from one patch type to another.

For energy, woody canopies shade adjacent intercanopy
patches; the degree of shading depends on factors such as
sun angle, leaf area, and, particularly, density and height of
woody plants (Martens et al. 2000). Therefore, the distrib-
ution of near-ground energy (ie beneath the canopy, just
above the ground surface), which is an important driver of
ecosystem processes, requires an understanding and quan-
tification of how canopy and intercanopy patches differ in
near-ground solar radiation, as well as how canopy patches
shade intercanopy patches. At the Mesita del Buey wood-
land, which has roughly 50% canopy coverage, inter-
canopy patches receive about three times more near-
ground (below-canopy) solar radiation than canopy
patches. However, intercanopy patches still receive only
about 60% of the potential amount of radiation because of
shading by tree canopies (Martens et al. 2000).

Uptake of intercanopy resources by woody plants is
another mode of patch-scale connectivity. Woody plants
often obtain resources in adjacent intercanopy patches,
while the converse seems to occur to a much lesser extent
(Schenk and Jackson 2002). At the Mesita del Buey
woodland, trees are able to obtain shallow soil moisture
from 0–30 cm depths in adjacent intercanopy patches
(Breshears et al. 1997a ). This may be particularly impor-
tant when there is a high level of patch-scale heterogene-
ity of a limiting resource such as water (Breshears and
Barnes 1999; Loik et al. 2004). 

Redistribution of runoff from intercanopy to canopy
patches is clearly important in some systems, perhaps most

Figure 3. Patch-scale heterogeneity in near-ground solar radia-
tion and soil water potential within a piñon–juniper woodland
(modified from Breshears et al. 1997b). Near-ground solar
radiation is estimated as a direct site factor (DSF), the fraction
of annual solar radiation that could potentially reach 1 m above
the ground. Soil water potential is estimated from 3 years of soil
water content data. More negative values indicate that soil water
is less available to plants.
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dramatically in ecosystems with low slopes and banded or
striped vegetation patterns (Tongway et al. 2001). In the
Mesita del Buey woodland, redistribution of runoff appears
to occur largely within intercanopy patches from bare to
grassy locations, rather than from intercanopy to canopy
patches (Wilcox et al. 2003a). Understanding runoff con-
nectivity is important for evaluating the amount of water
leaving an area and the amount that is reconcentrated and
stored within it (Wilcox et al. 2003a).

! Gradients of woody vegetation

Both patch-scale heterogeneity and connectivity need to
be considered in concert when assessing trends in the prop-
erties of energy, water, and biogeochemistry along gradi-
ents associated with the grassland–forest continuum.
Several hypotheses related to such gradients have recently
been proposed, explicitly or implicitly, for mean and vari-
ance in properties across sites. Trends in incoming energy
as a function of canopy coverage may be most generaliz-
able. Recent model simulations along a gradient that
included the Mesita del Buey woodland provide a basis for
generating broad hypotheses (Martens et al. 2000). These
simulations show that an increase in the percentage area
covered by woody plants of as little as 20% can produce
dramatic changes in the distribution of near-ground,
incoming solar radiation (Figure 5). Changes in the distri-
bution of near-ground incoming solar radiation can be par-
ticularly large and nonlinear for intercanopy patches. For
example, at 21% tree coverage, more than a third of the
total area is unaffected by the trees and receives the maxi-
mum amount of incoming solar radiation, whereas at 43%,

all of the area is shaded to some degree by the trees, even
though 57% of the area is still categorized as intercanopy
(Figure 5). The mean near-ground solar radiation should
decrease in a predominantly linear fashion with increasing
coverage, assuming that the height of the woody plants
remains constant (Figure 6). Taller woody plants produce
more intercanopy shading, which represents stronger con-
nectivity between patch types. Mean near-ground solar
radiation changes in a more curvilinear manner as canopy
coverage increases if the woody plants are consistently
taller. If the woody plants change in height over the gradi-
ent – as is common for an elevational gradient (in which
height often increases with woody plant density; Martens
et al. 2000) – then mean near-ground solar radiation de-
creases more rapidly and in a curvilinear fashion as cover-
age increases. Plot-scale variance in near-ground, incom-
ing solar radiation peaks at an intermediate value of
canopy coverage that is substantially less than 50%. TheFigure 4. Heterogeneous patch types of canopy (beneath the

canopy of a woody plant) and intercanopy (between woody
plants) and processes that represent connectivity between patches
(arrows): shading of adjacent intercanopy patches by woody
plant canopies; redistribution of runoff, often from intercanopy
to canopy patches; and uptake of resources from intercanopy
patches by woody plant roots   

Figure 5. Patterns of normalized, near-ground solar radiation
below woody plant canopies for plots (40 x 40 m) with varying
amounts of canopy coverage (left panel) and associated histograms
for canopy and intercanopy locations (right panel; index is mean
photosynthetically active radiation [PAR] for April 1 – October 31
in mol m-2 normalized to a daily basis). Circles in right panels
indicate percent of area that is unaffected by shading from woody
plants. (Modified from Martens et al. 2000.)
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coverage value at which peak variance occurs is
highly dependent on the height of the woody
plants, with taller plants shifting the peak to lower
values of coverage (Figure 6). More generally, as
woody plants of a particular shape become taller
(retaining the same foliar density), the patch-
scale connectivity due to shading increases and
peak variance for a plot shifts to a lower value of
coverage (Figure 7). 

Trends in ecosystem properties associated with
water budget or biogeochemical patterns along the
grassland–forest continuum are more complicated
than those for incoming energy alone.
Nonetheless, some trends can be hypothesized,
based on canopy–intercanopy patterns of hetero-
geneity and connectivity (Figure 7). In most sys-
tems, the vast majority of the water budget leaves
via evapotranspiration – more than 95% in most
water-limited ecosystems (Wilcox et al. 2003b).
Yet “evapotranspiration” includes both the evapo-
rative portion that was not used directly by biota
and the transpiration portion that was. Therefore,
the partitioning of evapotranspiration into tran-
spiration and evaporation may be more important
than the total amount of evapotranspiration in
determining ecological–hydrological interrela-
tionships (Loik et al. 2004; Huxman et al. 2005).
Building on recently proposed hypotheses that are
consistent with the limited available data (Huxman et al.
2005), the ratio of transpiration to total evapotranspiration
is expected to vary with coverage. If other factors, such as
soil texture and climate, are held constant, the ratio of tran-
spiration to total evapotranspiration is expected to increase
with woody plant coverage, due to the increase in leaf area
and the reduced soil evaporation resulting from the greater
level of shading. As canopy coverage increases, the rate of
change in the ratio of transpiration to total evapotranspira-
tion may be particularly sensitive at intermediate levels, due
to increased levels of competition among woody plants for
resources and reduced inputs of water as a result of intercep-
tion. Variation in the ratio of transpiration to total evapo-
transpiration is expected to behave similarly to that for
near-ground solar radiation, such that the variance peaks at
an intermediate site that has less than 50% coverage
(Figure 7). The shifting of the peak to a lower value of cov-
erage is due to patch-scale connectivity associated with
uptake of resources within intercanopy patches. These
hypotheses, relating the amount of canopy coverage to the
ratio of transpiration to total evapotranspiration, are consis-
tent with observations to date but require more rigorous
testing. 

Biogeochemical patterns for several key properties (eg
total ecosystem carbon, C) might also be expected to vary
in predictable ways if other factors, such as soils and cli-
mate, are held constant (Figure 7). For systems within the
grassland–forest continuum, most of the C in the biota is
associated with woody plants (eg Pieper 1990). Soil within

canopy patches often contains substantially more C than
adjacent intercanopy patches, as seen along elevational
gradients spanning piñon–juniper woodlands (Klopatek et
al. 1998). Where this is the case, total ecosystem C would
be expected to increase with expanding canopy coverage if
other factors are held constant, and even in some cases
where they are not. Similar gradients in C trends have
been documented in other systems where variations in
coverage are associated with encroachment and distur-
bance history (Reich et al. 2001; but see also Archer et al.
2001; Jackson et al. 2002). Erosional processes, which can
affect site biogeochemistry, are also hypothesized to vary
systematically along the grassland–forest continuum, with
wind-driven erosion and associated transport being consid-
erably greater than water-driven erosion and transport for
systems that are intermediate along the continuum (eg
shrublands; Breshears et al. 2003). 

The aforementioned gradient-based studies and associ-
ated hypotheses, related to energy, water, and biogeochem-
istry, could collectively represent a more integrated frame-
work of hypotheses about trends along the grassland–forest
continuum (Breshears and Barnes 1998; Klopatek et al.
1998; Martens et al. 2000; Muñoz-Erickson et al. 2004;
Huxman et al. 2005; ). The hypothesized trends in gradi-
ents collectively suggest that if there is relatively weak con-
nectivity between canopy and intercanopy patches for a
given ecological property, the mean values of that property
may change relatively linearly with changes in canopy cov-
erage (Figure 8). However, as patch-scale connectivity

Figure 6. Patterns of normalized near-ground solar radiation below woody
plant canopies of varying coverage, summarized for (a) plot mean and (b)
plot variance, for trees of three heights: 100% = mean height of 3.8 m,
200% = 7.6 m, and 50% = 1.9 m actual (foliar density is constant for all
three heights; index is mean photosynthetically active radiation [PAR] for
April 1 – October 31 in mol m-2 normalized to a daily basis. Modified from
Martens et al. 2000).
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early with varying amounts of canopy coverage (Figure 8),
as seen in the modeling study of solar radiation (Figure 6).
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Consequently, when connectivity is strong, there may be a
greater rate of change in the mean for an ecosystem prop-
erty along intermediate portions of the continuum com-
pared to that at either end.

Although it seems obvious that spatial variance in ecosys-
tem properties should be greatest at some intermediate
value of canopy coverage, these recently proposed hypothe-
ses indicate how maximal variance could occur at a site
with substantially less than 50% canopy coverage, if there is
strong patch-scale connectivity in that property (Figure 8).
If there is no connectivity between patches, then variance
should be greatest at 50% canopy coverage; however, as
patch-scale connectivity increases, the peak in variance
shifts toward lower values of canopy coverage (Figure 8;
unless the connectivity becomes so strong that it obliterates
patch-scale heterogeneity in that ecological property).

In general, therefore, if other factors are held constant,
changes in site means for properties of energy, water, and
biogeochemistry for sites along the grassland–forest contin-
uum might be expected to vary curvilinearly with increas-
ing canopy coverage (Figure 7). For example, near-ground
solar radiation, an energy metric, should decrease with
increasing coverage, whereas the ratio of transpiration to
evapotranspiration, a water metric, and total ecosystem C,
a biogeochemical metric, should increase with coverage.
Variance for all three should peak at a value of canopy cov-
erage of < 50% and is dependent on the strength of patch-
scale connectivity for a particular property.

Of course, along many gradients and under many man-
agement scenarios, factors other than those considered
here can vary, thereby complicating the trends along gra-
dients. Nonetheless, because woody plants modify the
environment beneath and around them in physical ways
and provide physical as well as biological connectivity
between patch types through their root distributions, the
relationships between key ecosystem properties and
woody plant density may underlie more complex patterns
for sites along the grassland–forest continuum. An
improved understanding of these relationships may yield
important insights for a diverse set of ecosystems and is
directly applicable to several environmental issues.

! Applying the grassland-forest continuum
perspective to environmental issues

The observed and hypothesized trends described above
have important implications for numerous, disparate envi-
ronmental issues. An understanding of how the propor-
tion of woody plants at a site affects key ecosystem proper-
ties and how this, in turn, affects feedbacks to alter
vegetation is key to the assessment, and/or management of
many pressing environmental problems (Figure 2). These
include encroachment of woody plants into grasslands
(Archer et al. 1988; Van Auken 2000); xerification (or
desertification), wherein arid grasslands transition into
shrublands (Archer and Stokes 2000); deforestation, in
which canopy coverage is severely and rapidly reduced;

Figure 7. Hypothesized trends for energy as incoming solar
radiation (based on Martens et al. 2000), transpiration of water
as a fraction of total evapotranspiration (building on Huxman et
al. 2005), and biogeochemistry (total carbon) as a function of
canopy coverage (building on Klopatek et al. 1998) for plot means
and variances.

Figure 8. Patterns of variance along the grassland–forest
continuum. For properties with high heterogeneity and weak
connectivity, maximal variance occurs midway along the
continuum. For properties with strong patch-scale connectivity,
the variance shifts away from the middle of the continuum and
towards lower values of canopy coverage. The magnitude of the
shift is dependent on the degree of patch-scale connectivity.
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die-off of woody plants triggered by drought (Breshears et
al. 2005); risk of fire and subsequent hydrological changes
(Johansen et al. 2001), as well as associated forest thinning
practices (Allen et al. 2002); and restoration issues associ-
ated with several of these problems (Hobbs and Norton
1996). Woody plant encroachment in the southwestern
US and northern Mexico has shifted at many sites from
low to high coverage over the past 150 years, posing key
challenges for managing these systems (Archer and Stokes
2000; Van Auken 2000). Much effort has focused on
restoring these sites by reducing tree coverage, but restora-
tion may not be economically or logistically feasible (Van
Auken 2000). Deforestation shifts a system towards lower
levels of coverage by planned management or less-
planned exploitation, whereas drought and fire do so as a
result of disturbance. Drought-induced mortality can
change canopy structure dramatically in a year or two
(Breshears et al. 2005). The probability of fire spread in
systems that have intermediate coverage is greatly depen-
dent on the connectivity of fuel structure among patches
of the same type and between the two patch types (Peters
et al. 2004). Thinning trees as a management strategy for
reducing fire risk also hinges on the central concept of
reducing connectivity for fire among tree crowns.
Management related to all such environmental issues
requires an improved understanding of how key ecosystem
properties vary with changes in canopy coverage. In addi-
tion, assessments of potential climate change impacts
require evaluation of how elevational gradients of vegeta-
tion may shift in response to climate (Kerkhoff et al. 2004;
Breshears et al. 2005) and how ecologically related sites in
disparate regions might change.

Based on the hypothesized trends (Figure 7), we might
expect ecosystem properties for areas with an intermediate
proportion of coverage to be among the most sensitive to
ecosystem change. In systems with intermediate coverage,
not only is the variance high, but there is also a transition in
the dominant type of vegetation coverage (eg woody com-
pared to herbaceous vegetation) and in associated ecosystem
processes. That is, there are rapid changes in the degree to
which patches of one type or the other form dominant, con-
tiguous clusters across the landscape (Milne et al. 1996).
There is a threshold of intermediate coverage at which a sys-
tem transforms from domination by contiguous clusters of
one patch type to domination by contiguous clusters of the
other type. This threshold-like response is related to the con-
nectivity of patches and can be quantified using percolation
theory (Milne et al. 1996; Davenport et al. 1998). Effective
management to address the environmental issues mentioned
above will need to take these trends into account, particu-
larly noting that variance may be greatest at low values of
canopy coverage if patch-scale connectivity is strong.

! Conclusions

Despite numerous studies associated with vegetation gradi-
ents over the past several decades, few have evaluated large

portions of the grassland–forest continuum and asked how
variation in woody plant coverage alone might impact dif-
ferent ecosystem properties. The few studies that have
focused on this area of research have suggested that vari-
ance in an ecosystem property is likely to be greatest at an
intermediate level of woody plant coverage, the value of
which is dependent on the degree of patch-scale connec-
tivity. Consequently, ecosystem properties are expected to
be most sensitive to changes in canopy coverage along the
intermediate portion of the continuum (particularly where
the value of canopy coverage shows the greatest variance
in a particular property). The hypotheses associated with
the grassland–forest continuum provide a framework for
future research that is directly applicable to a wide range of
environmental issues, all of which center on how changes
in woody plant coverage affect ecosystem properties.
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