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Abstract:  One of the pressing problems for applied ecologists is the efficient restoration of structure and
function to degraded ecosystems. Where some other conservation activities, such as protection of existing
wilderness, continue to require making the best of increasingly bad situations, the goal of restoration raises
the pleasing prospect of measurable improvement in landscapes. Restoration simultaneously provides the
ultimate test for the discipline of community ecology: ecologists should be able to build an ecosystem in
the same way an engineer builds a bridge, with a list of parts connected in specified ways leading to certain
reliable outcomes. Failures would reveal that scientists do not adequately understand the system. Practical
considerations suggest the application of tools that already exist rather than the invention of new ones. The
objective of this paper is to suggest that two valuable tools may already exist, tools that provide an intellectual
foundation for restoration ecology. Such a foundation is necessary because there has been a tendency for
restoration ecology to represent a haphazard collection of individual cases rather than a well-defined disci-
pline with repeatable methods. One possible scheme for unifying studies of restoration is that provided by
assembly rules. where predictions are based upon key environmental factors and the responses of species to
those factors. The potential of such assembiy rules is introduced using three examples: fish in wetlands,
plants in salt marshes, and plants in prairie potholes. I then describe an experiment where a standard species
pool of wetland plants was sown into twenty-four different sets of environmental conditions, illustrating how
landscapes can select communities out of larger pools. A second possible tool is indicators of ecosystem
integrity. These can measure whether a project actually works. Clear discrimination between success and
failure can improve restoration procedures by accelerating the evolution of management principles and
techniques; Holling has called this process ‘adaptive environmental assessment.” I conclude with the opti-
mistic view that restoration already has the tools for continued progress; what is needed is primarily their
intelligent application. That is, rather than ending with a typically academic plea for more research, 1 suggest
(for a change) that what is needed is only the discriminating application of procedures and principles that
already exist.
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INTRODUCTION

The real test of community ecology lies not in how
much knowledge practitioners feel that they have, nor
in the number of papers accumulated in learned jour-
nals, but rather in the practical ability of humans to
protect and restore ecological communities. Ecologists

must therefore be able to reliably forecast the response
of communities to changes in environmental factors.
Changes, used in this sense, could include (1) delib-
erate human manipulations (e.g., alteration of wetland
hydrology, restoration of fire, fertilization), (2) change
incidental to human activities (e.g., shifts in climate,
eutrophication from agriculture), or (3) ongoing pro-
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Figure 1. Restoration to predisturbance conditions is one
of several management alternatives for degraded communi-
ties and ecosystems (from Cairns 1989).

cesses that would occur even without the presence of
humans (e.g., climate change, sedimentation in deltas).
This paper is primarily concerned with the first cate-
gory of events, for ecological knowledge (or the lack
thereof) is tested when humans set out to re-create an
ecological community. The process of re-creating an
ecological community is usually termed ‘ecosystemn
restoration’ (e.g., Cairns 1980, Jordan et al. 1987, Bon-
nicksen 1988, Kusler and Kentula 1990). ;

Ecosystem restoration is growing rapidly as a prai-
tice (e.g., Jordan et al. 1987, Kusler and Kentula 199G,
Galatowitsch and van der Valk 1994, Pfadenhauer and
Klotzli 1996, Lockwood and Pimm 1999); Bonnicksen
(1988) refers to it as “‘an emerging profession within
the science of ecology.” Several goals are possible: to
repair biotic communities, to re-establish them on the
same sites if they are destroyed, or to construct syn-
thetic communities if the originals are no longer pos-
sible (Figure 1). The choice of goal is critical; it is
only when the goal is clearly articulated that an out-
come can be evaluated to determine whether or not the
management has been successful (Holling 1978,
Cairns 1989, Noss 19935).

Noss (1995) traces the roots of restoration ecology
back to Aldo Leopold, who observed: “‘A thing is right
when it tends to preserve the integrity, stability, and
beauty of the biotic community. It is wrong when it
tends otherwise.”” Hints of restoration can be found
even earlier. Clements (1935) wrote an essay appro-
priately titled “‘Experimental ecology in the public ser-
vice” in which he described the applications of ecol-
ogy to a wide range of applied problems including
land rehabilitation. Foresters may have been the first

to address the recreation of ecosystems; in 1883,
Phipps wrote a book on the replanting of forests, and
Larson (1996) has described what appears to be one
of the earliest practical restoration projects in North
America, the replanting of a forest in a gravel pit near
the University of Guelph by Professor William Brown,
an arboriculturalist from Scotland. Similarly, in
Beard’s classic book on the vegetation of the Carib-
bean islands (Beard 1949), there are also passing re-
marks on forest protection activities in the early 1900s.
In wetlands, the use of Spartina anglica C. E. Hubbard
for ‘reclamation’ of coastal mud, flats was practiced in
China early in this century (Chung 1982). In the
1930s, the British blocked drainage ditches and ‘used
portable pumps to raise water levels in the Woodwal-
ton Fen (Sheail and Wells 1983). Now, there is even
a separate scientific society (The Society for Ecologi-
cal Restoration) and a journal (Restoratzon Ecology)
devoted to the topic.

Restoration ecology has the poténtial to bring to-
gether a wide range of ecological activities. It chal-
lenges conservationists, applied ecologists, and theo-
reticians in different ways. Conservationists are chal-
lenged to shift some energy from fighting to protect
fragments of remaining habitat towards the longer
term goal of restoring and re-connecting entire land—
scapes. The Wild Earth proposal for North America
(Wild Earth 1992) is one example. Applied ecologists
are challenged to de-emphasize manipulation of single
components of ecosystems, such as waterfowl or fish,
and instead re-establish entire ecosystems that are self-
regulating. Theoretical ecologists are challenged to de-
velop practical tools to guide restoration and monitor
its success. ‘

However, the difficulties inherent in restoration are
profound, in the literal meaning of the word. The num-
ber of components in a system influences the kinds of
analyses that can be applied, and general systems the-
ory describes how those systems with medium, as to
opposed to few or many parts, are the most intractable
(Weinberg 1975). ““Small number systems” have few
components and few interactions, and these systems
are amenable to precise mathematical description. The
population ecology of single species might be an ex-
ample of a small number system, although population -
models can only be created by artificially removing
individuals from the many connections they have with
other populations. At the other extreme are “large
number systems” where there are so many compo-
nents that their average behavior becomes a useful de-
scription of the system. The ideal gas laws are one
example; the position and velocity of a particular gas
molecule is not of particular interest, but collective
properties such as volume, temperature, and pressure
are useful in many ways. Wetland ecosystems, how-
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ever, are neither large nor small number systems (e.g.,
Lane 1985). As “medium number systems,” they con-
tain too many components to be treated analytically
and too few for statistical analysis. Further, a hippo-
potamus and a cattail plant cannot be averaged like an
ideal gas molecule, nor are their behaviours and pop-
ulation dynamics equivalent to random events. There-
fore, as the number of components in a wetland -
creases arithmetically, the number of interactions in-
creases geometrically. Some method of simplification
is therefore necessary in order to solve probleimns in-
volving medium number systems. This requires care-
fully preserving critical interactions and components
while excising or ignoring others. The inherent diffi-
culty in doing so wisely probably explains why, at
present, medium number systems require approaches
that are as much an art as a science.

A further problem is that it is possible to collect
many published examples without finding principles
that can be extrapolated to other sites. The problem of
extracting general principles from large numbers of
studies is well-illustrated by an example from a dif-

ferent area of ecology, the voluminous studies, exten»f

sive reviews, and ongoing divisive debates in the study
of competition (e.g., Schoener 1983, 1985, Under-
wood 1986, Keddy 1989, Grace and Tilman 1990),
debates that continue in spite of the increasing num-
bers of studies and the emerging potential of meta-
analysis (Gurevitch et al. 1992). Apparently volume
does not guarantee clean answers to questions nor the
discovery of generally accepted principles.

In spite of such obstacles, large sums of money are
being invested in restoration. These ongoing projects
provide an ideal way to test the adequacy of ecological

understanding and predictive ability. They promise to |

put both the methods and predictions of community
ecologists and restoration ecologists directly on the
spot. Not all studies, however, yet state clear and mea-
surable goals, nor do they test general principles that
can be applied to other sites. Moreover, a recent review
of 87 published studies with clearly stated goals found
that only 17 (20%) were completely successful and an
equal number were unsuccessful, the rest being inter-
mediate (Lockwood and Pimm 1999). If restoration
predictions are wrong, the failure to re-create the de-
sired community will not only waste the money in-
vested in the program but may even cause further en-
vironmental harm. If clear questions are not posed,
there is a risk that models and techniques will not be
refined nor clearly linked to pre-existing ecological
frameworks. In contrast to the great potential of res-
toration, it sometimes seems from published studies
that practical restoration activity is being conducted
without a full appreciation of historical roots, scientific
foundations, or existing knowledge. Therefore, there is

the risk that restoration ecology will evolve as yet an-
other fragmented state within the increasingly Balkan-
ized realm of ecology and that the art and technique
of restoration will be emphasized to.the exclusion of
the science.

My motivation in raising such problems is not to be
negative. Rather, like the (in)famous American com-
mander, General Patton (e.g., Essame 1974), I am sim-
ply reluctant to fight for the same ground twice. I have
already commented explicitly, perhaps too much so,
upon the limitations confronting community ecologists
(Keddy and Weiher 1999), including their failure to
make full use of developments in restoration ecology.
I concluded that “much of the rhetoric around assem-
bly rules cannot yet be translated into pra‘ctical success
on the ground” (Keddy 1999, p. 400). Such argu-
ments, however, cut both ways. I will therefore suggest
here that restoration ecology can benefit from the ap-
plication of (1) assembly rules (the ability to manip-
ulate ecosystems to recreate desired communities) and
(2) ecological indicators (the ability to evaluate wheth-
er manipulation has produced the desired change).
Both tools are briefly summarized below.

STEP 1: MANIPULATION OF ECOSYSTEMS

Any restoration project begins with a set of circum-
stances, the ground of the problem: (1) initial environ-
mental conditions, (2) a pool of available species, and
(3) a list of key factors that can be manipulated. The
practical problem is to identify which key factors ap-
plied to which pool of species will produce which
communities. The term ‘assembly rule’ is often used
to describe the general problem of how restricted com-
munities of organisms are assembled from larger spe-
cies pools (Diamond 1975, Weiher and Keddy 1999).
Let us consider pools, filters, and traits in turn.

Pools

The pool of species available to colonize the site is
the raw material for a restoration project; at the largest
scale, this pool is the product of long term processes
of evolution and extinction (Figure 2). The study of
these lies within the realm'of evolutionary ecology,
and the time scales are generally sufficiently long that
the pool can be regarded as a constant for any partic-
ular project. At smaller scales, dispersal may also be
limiting the pool of propagules for a single site; the
importance of dispersal is likely to increase with the
degree of isolation of a site (MacArthur and Wilson
1967, Diamond 1975), and the different approaches to
assembly rules are partly determined by the emphasis
placed upon dispersal as opposed to the local environ-
ment (Drake 1990, Weiher and Keddy 1999). There is
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Figure 2. Speciation and extinction determine the size and
composition of the potential species pool. The local envi-
ronment then filters out species form this pool, creating a
community (from Weins 1983).

still a good deal of ambiguity in defining pools, with
different authors tending to use different procedures
for establishing the pool for a site (Eriksson 1993, Zo-
bel 1997). The objective of assembly rules is to predict
which subset of the species pool for a given region
will occur in a specified habitat. A first objective
would be simply to predict the presence or absence of
species in a habitat. The second objective would be to
predict abundance as well as presence.

The process of constructing communities from spe-
cies pools is therefore in many ways analogous to the
process of evolution through natural selection. In nat-
ural selection, habitats serve as filters for genotypes,
with the least suited genotypes being filtered out and
the best suited surviving to reproduce. In the case of
assembly rules, habitats again serve as filters and elim-
inate those sets of traits that are unsuitable to that en-
vironment. The species that comprise the community
are those with the traits that survive the filters.

Filters

Some of the most important major filters that control
wetland composition are water levels (50%), fertility
(15%), disturbance (15%), salinity (15%), competition
(<5%), herbivory (<5%), and burial (<5%). Their rel-
ative importance in controlling the community struc-
ture and composition of wetlands is intended to rep-
resent wetlands in general, and individual wetlands are

likely to deviate significantly. Deltaic wetlands may be
influenced predominantly by burial, whereas estuarine
wetlands may be influenced more strongly by salinity.
Nonetheless, there is some sort of natural order and
logic that can be used to select appropriate filters for
investigation. t

These filters provide a shopping list for the factors
that can be used or rejected as possible filters for re-
storing wetlands. Again, the relative importance of the
factors may be different from the list, but in any case,
hydrology requires first consideration, and if it is ne-
glected, then other factors alone will probably be in-
sufficient to create the desired wetland.

The examples that T will provideagelow all involve
primarily the direct effects of abiotic factors upon liv-
ing organisms. These examples could be misleading
because biotic interactions do, of course, also deserve
recognition. Predation can be a strong filter (Wilbur
1984, Carpenter et al. 1987), as can herbivory (Smith
and Kadlec 1985', Jefferies 1988, Lodge 1991, Shaffer
et al. 1992} or competition (Snow and Vince 1984,
Twolan-Strutt and Keddy 1996, Levine et al. 1998).
The presence of neighbors can also facilitate establish-
ment or survival by reducing the constraining effects
of physical factors (Bertness and Hacker 1994, Cas-
tellanos et al. 1994, Bertness and Leonard 1997). The
many examples of ‘ecological engineering’ (Jones et
al. 1994), including alligator and beaver ponds, extend
further the possible list of biological factors that can
determine wetland composition. In isolated fragments
of habitat, where dispersal and colonization rates may
limit community .composition, dispersal capability is
itself a measurable trait (Diamond 1975, Keddy 1976,
Hughes et al. 1994, Whittaker and Jones 1994). Some
ecologists have argued that the term “‘assembly rules”
should be restricted to only local biological interac-
tions, but the chapters in Weiher and Keddy (1999)
show that consensus does not yet exist.

Traits

Organisms possess life-history traits that allow them
to tolerate different filters. Such traits are often known
in a general way, but rarely is there systematic data
suitable for predicting how an entire set of species
might respond to a particular filter. The best data are
collected by exposing large numbers of species to stan-
dardized conditions. This procedure, generally called
screening, was popularized by Grime and his co-work-
ers (e.g., Grime and Hunt 1975, Grime et al. 1981)
working with the vascular flora of the Sheffield area
of England, although broad comparisons were previ-
ously used, for example, to compare the tolerances of
frogs to desiccation (Thorson and Svihla 1943) and the
tolerances of reptiles to anoxia (Belkin 1963). Screen-
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ing has also been extended to salt marsh plants (Par-
tridge and Wilson 1987), freshwater wetland plants
(Shipley et al. 1989), and fish (Junk et al. 1997). Clas-
sification of species into functional types or guilds pro-
vides another means for identifying sets of species
sharing similar traits (Cummins 1973, Cuommins and
Klug 1979, Severinghaus 1981, Simberloff and Dayan
1991, Boutin and Keddy 1993, Steneck and Dethier
1994).

Given a pool, a list of environmental filters, and a
list of traits, assembly rules would specify which par-
ticular subset of these traits (and therefore species pos-
sessing them) will survive. More precisely, in the sit-
uation where traits are known for each species in the
pool, the objective is to spec1fy whether or not certain
traits (or sets of them) will permit a species to persist
under @' defined set of environmental conditions. The
exact procedures for doing this most effectively need
further work, but the potential can be seen in three
examples, fish in floodplains, plants in saline coastal
environments, and plants in prairie wetlands. These
examples are for illustration only, and other groups of
organisms and other filters could equally have been
used. I will then introduce an experiment that shows
how different wetland types can be created by manip-
ulating the filters acting upon the same pool of prop-
agules.

THREE EXAMPLES
Fish in Lakes and Floodplains

In flooded areas, access to oxygen is a critical prob-
lem for many living organisms. The Amazon basin has
both the largest areas of flooded forest in the world
and the largest number of freshwater fish species in
the world (Lowe-McConnell 1975, Goulding 1980).
Some 70,000 km? of forest are flooded, sometimes to
depths of 15 meters, and for up to ten months of the
year. Up to 3,000 species of fish may inhabit this re-
gion; of the more than 1,300 described to date, about
80 percent are either catfishes or characins. The latter
group has radiated extensively in the Amazon low-
lands and includes carnivores, frugivores, detritivores,
and planktivores.

The annual cycle of tropical fish is closely tied to
periods of inundation. “In both Africa and South
America where much of the land is very flat peneplain,
the rivers inundate immense areas, on a scale unknown
in temperate regions. Submerged seasonally and dry-
ing out for part of the year, these floodplains are in-
terspersed with creeks, pools and swamps, some of
which retain water throughout the year” (Lowe-
McConnell 1975, p. 90). High water levels then create
a vast sheet of water enriched in nutrients from de-

, caying organic matter, including the droppings of graz-

ing animals. As the water falls, the enriched water sup-
ports an explosive growth of bacteria, algae, and zoo-
plankton; these in turn support a rich fauna of aquatic
insects and other invertebrates. Many fish then migrate
upstream and move laterally onto the floodplain to
spawn. The eggs hatch within a few days, so the young
appear when food is plentiful, but as nutrients are.de-
pleted and water levels fall, the fish move back into
the main river. Some fish are killed by being stranded
in drying pools, and predators often hunt the mouths
of channels leading back to the main stream. The same
general sequence of events occurs in rivers throughout
the tropics, including Africa, South America, and Asia,
although the timing of floods and the species involved
may differ (Figure 3). ’

Hypoxic conditions pose one of the major con-
straints upon these fish, particularly after flooding,
when shallow pools in floodplains are left filled with
debris and exposed to the warming effects of sunlight
(Kramer et al. 1978, Junk 1984, Junk et al. 1997).
Using tlosed respiration chambers, Junk et al. (1997)
found that lethal oxygen concentrations were normally
less than 0.5 mg 1-! O, (Figure 4), although some spe-
cies from well-oxygenated bays were sensitive to lev-
els twice this high. The lowest concentration of oxy-
gen in the water can then be considered to be a filter
that selectively removes different pomons of the fish .
fauna. The ability to tolerate this filter can be deter-
mined for each fish species, whether by screening (sen-
su Grime and Hunt 1975) as in Junk et al. (1997) or
by reference to other traits. Some nine or ten families
of Amazonian fish, for example, can remove oxygen
from the atmosphere; the swim bladder of Arapaima
gigas Cuvier can act like a lung, and catfish may use
the stomach to remove oxygen from swallowed air.
Other fish can, within a few hours of hypoxic condi-
tions, enlarge the lower lip to better extract oxygen
from water. In one small floodplain lake, Junk (1984)
reports that 40 out of 120 species were regularly found
under pronounced hypoxic conditions. Of these, ten
could take oxygen from the air, and ten could use the
lower lip like a gill. The adaptations of the others were
unknown.

Moving north to central North America, Magnuson
and his co-workers (e.g., Tonn and Magnuson 1982,
Magnuson et al. 1989) have similarly examined fish in
lakes in central North America. Many of these lakes
are small, isolated, shallow, and acidic. Fish are the
dominant vertebrates in these lakes. Multivariate anal-
ysis showed that there were five basic types of lakes:
(1) pike lakes, (2) bass lakes, (3) mudminnow-minnow
lakes, (4) mudminnow-perch lakes, and (3) fishless
lakes. The nature of the lakes suggested two environ-
mental factors that could be acting as filters and elim-
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Figure 3. The effects of flooding upon fish in tropical rivers (from Lowe-McConnell 1975).

inating certain kinds of fish from certain kinds of
lakes: pH and winter oxygen. When fish were screened
for tolerance to low pH, this trait was a useful predic-
tor of their field distribution (Figure 5). The pH and
winter oxygen levels were also able to discriminate
among lakes with different kinds of fish communities
(Figure 6). If low pH and low oxygen act as filters,
this can explain why fish with high oxygen and high
pH requirements do not inhabit shallow lakes with low
pH. However, these filters do not explain the reverse.
Why do minnows and mudminnows not inhabit the
lakes with higher oxygen and pH? Magnuson et al.
(1989) conclude that the reason is predation. The
smaller fish are restricted to lakes where predators are
absent.

Salt Marshes

Although terrestrial plants may have evolved from
oceanic ancestors, saline environments are now hostile
to their growth, as illustrated by the restricted pool of
herbaceous and woody plants able to occupy saline
environments (e.g., Sculthorpe 1967, Tomlinson
1986). Saline wetlands are therefore a marvelous sys-
tem for the application of assembly rules because they

are so structured by a single factor, salinity (e.g., Frey
and Basan 1978, Niering and Warren 1980, Zedler and
Onuf, 1984, Adam 1990, Bertness 1991, Bertness et
al. 1992). A first task is to screen all common species
for relative salinity tolerance. A number of authors
have studied salinity tolerances for a few species at a
time, but Partridge and Wilson (1987) demonstrated
that thirty-one species can be ranked in order of tol-
erance to salinity, and in general, these species exhibit
inclusive niche structure (Figure 7). Similar data have
been provided for twenty-nine sand dune species (Sy-
kes and Wilson 1989).

The vertical line in Figure 7 is sea water salinity.
Only a small group in the pool can grow with sea
water salinity. Consider this line a filter and observe
that if a habitat has twice sea water salinity, the pool
of 31 species is reduced to only one—Suaeda novae-
zelandiae Allan. At sea water concentrations, the subset
of potential colonists is approximately ten. To predict
the effects of increasing salinity (say from increased
tidal inundation associated with rising sea levels), it
would be possible to forecast which species might dis-
appear first; conversely, if the site is to be impounded
and flooded with fresh water, it would be possible to
forecast which species might invade. In fact, Zedler
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Figure 4. The tolerance of selected Amazonian fish species to low dissolved oxygen levels (from Junk et al. 1997).

and Beare (1986) have argued that periodic flooding
with fresh water is essential for the regeneration of salt
marsh plants in arid climates. In this case, the filter in
Figure 7 is briefly pushed to the left; the greater the
input of fresh water, the larger the number of marsh
species that can establish.

More generally, saline environments appear to pose
a nearly insurmountable obstacle to vascular plants.
For example, there are some 200 genera and 2600 spe-
cies in the palm family, but only four occupy saline
conditions (Tomlinson 1986). Similarly, the family
Myrsinaceae has over 1000 species in about 30 genera
distributed throughout the tropics and subtropics, but
only four occur in saline conditions (Tomlinson 1986).
As a consequence, mangrove vegetation (mangal) has

very few species, 54 species of mangroves and perhaps
60 more associates in the entire world. In contrast, 90
woody plant species were found in a single 500-m
transect of riparian flood plain in Central America
(Meave et al. 1991); that is, one small area of riparian
forest can have almost as many species as the world
mangal flora! The effects of multiple constraints ap-
pear to be additive, so that additional constraints such
as cold can reduce the number of woody plants in
saline environments to near zero (Keogh et al. 1999).
In arid zone wetlands where salinity builds up during
droughts, brief periods of rainfall or flooding by fresh-
water may be essential for most vascular plants to es-
tablish (Zedler and Onuf 1984, Zedler and Beare 1986)

Elevation then turns out to be an important predictor
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Figure 5. Laboratory measures of pH tolerance can predict
the field distributions of fish (from Magnuson et al. 1989).

of the number of species in salt marsh vegetation (Gar-
cia et al. 1993, Gough et al. 1994). As sea levels rise,
or coastal wetlands subside (e.g., Shaffer et al. 1992,
Boesch et al. 1994, Michener et al. 1997), or as land
rises above the sea (e.g., Glooschenko 1980, Bégin et
al. 1989), salinity can be expected to change in a
known way, and in turn, the wetland vegetation can
be expected to shift in predictable directions.

Prairie Potholes

Shallow wetlands that periodically become dry can
be found around the world. Perhaps the best studied
examples are prairie potholes formed by the glaciers
that covered and then retreated from the continent of
North America, leaving behind millions of depressions
across more than a half million km? of prairie stretch-
ing from Alberta south-eastward to Iowa. These de-
pressions are filled by melting snow, and depending
on depth, water table, and summer rainfall, the de-
pressions range from ephemeral to permanent wetlands
(Kantrud et al. 1989). More than 20 million ducks rep-
resenting 12 common species breed in this region, and
it is considered the most important production habitat
in North America for most species (Batt et al. 1989).
The rich wetland flora ranges from wet prairie to sub-
mersed aquatics and is controlled by three main en-
vironmental gradients: water regime, salinity, and dis-
turbance (Walker and Wehrhahn 1971, Shay and Shay
1986, Adams 1988). Buried seeds allow plant species
to survive prolonged flooding or drought (van der Valk
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Figure 6. Winter oxygen levels and pH act as filters to
create different fish communities (from Magnuson et al.
1989). ’

and Davis 1978, van der Valk 1981). Further to the
south in North America, in the arid high plains, large,
circular depressions that retain moisture from the
spring rainy season are called playas (Bolen et al.
1989, Hoagland and Collins 1997). Some 22,000 pla-
yas occur in Texas and New Mexico. Vernal pools ex-
tend from southern Oregon to northern Mexico (Bau-
der 1989). In Eurasia, much less is known about such
wetlands, owing in part to an emphasis upon peatlands
and mires, but similar shallow pools occur in semi-
desert areas as well as in the large loess deposits north-
east of the Black Sea. Wetland types can include plavni
(reed thickets in continuously flooded areas), as well
as firths and padinas (undrained basins filled by melt-
ing snow); the latter have genera familiar from North
America such as Phragmites, Scirpus, Eleocharis,
Carex, and Calamagrostis (Zhulidov et al. '1997).

An early attempt to predict species composition in
wetlands used a few dominant ecological types of wet-
land plants (van der Valk 1981). A key element of van
der Valk’s model was the recognition that only one
major trait was necessary to predict regeneration:
whether or not a species could germinate under water.
By measuring only this one trait on all species one can
predict which part of the species pool will occur under
either set of conditions.

As species become more similar in traits, it is likely
to be more difficult to discriminate among their re-
sponses to environmental factors. In later work, van
der Valk (1988) asked whether the densities of buried
seeds of four emergent plants could predict the den-
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Figure 7. Salt marsh plants

sities of adult shoots after a reduction in water level.
Seedling densities were lower than expected, and rank
order correlations between the abundance of buried
seeds and seedling densities were variable (Scolochloa
festucacea (Willd.) Link, 0.93; Scirpus lacustris L.,
0.76; Typha glauca Godron, 0.44; and Phragmites
australis (Cav.) Trin. Ex Steud., 0.03). In the case of
P. australis, however, Dore and McNeill’s (1980)
monograph on grasses for adjoining Ontario expresses
doubt as to whether viable seeds are formed and sug-
gests that reproduction may be almost entirely by veg-
etative means. The seed-seedling correlations are rath-
er better for the other three species, although as van
der Valk observes, ‘‘there remain discrepancies be-
tween predicted and actual densities of seedlings dur-
ing the drawdown.” This illustrates limitations on as-
sembly rules. As species become increasingly similar
in their traits, it is increasingly unlikely that simple
relationships between traits and environment will pre-
dict abundance. When it comes to predicting individ-
ual species distributions, van der Valk suggests that
“[R]eductionist models based on comparative life-his-
tory data will provide the best possible foundation for

&
e
o =4
-
o

Salinity (%NaCl)

can be ranked according to their tolerances for salinity (from Partridge and Wilson 1987).

vegetation management.” The point seems to be that
the particular traits that must be selected will also de-
pend up the scale of the investigation and the kind of
species involved.

In a more extreme situation, Galatowitsch and van
der Valk (1996) have examined prairie pothole vege-
tation in areas that have been drained and sown to row
crops for at least twenty-five years. From a total of 62
such restoration projects, ten were selected on hydric
soils that had been tile-drained and completely culti-
vated for corn and soybeans. That is, in each of these
sites, restoration involved re-creation of a wetland
where it had been absent for decades and where there
was little reason to expect any residual seed bank. Giv-
en the importance of hydrology as a controlling factor
or filter in the establishment of wetland communities,
it might seem reasonable, at least as a first approxi-
mation, to assume that appropriate hydrology alone
will re-establish wetlands. Perhaps steps as simple as
plugging drainage ditches or removing tiles will suf-
fice. In a comparison of ten restored wetlands to ten
adjacent natural wetlands, the natural wetlands had a
mean of 46 species compared to a mean of only 27
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for the restored wetlands. Further, there were differ-
ences among functional groups; the restored sites had
more species of submersed aquatics but fewer species
of sedge meadows plants. The seed banks of theé com-
munities also differed; natural sites had nearly twice
as many species (15 vs. 8) and nearly twice as high a
density of buried seeds (7300 vs. 3000 m~?). Sub-
mersed aquatics, wet prairie, and wet meadow species
were all absent from the seed banks of the restored
wetlands. Galatowitsch and van der Valk propose the
term ‘efficient-community hypothesis’ for the situation
where vegetation will re-establish itself rapidly after
hydrology has been restored, and they reject this hy-
pothesis as a reasonable basis for restoration in prairie
potholes. That is, they conclude that, in many cases,
the species pool is inadequate for restoration and that
dispersal is a limiting factor, rather like birds on oce-
anic islands (MacArthur and Wilson 1967, Diamond
1975).

The above study on restoration likely represents one
end of the continuum of possibilities as these sites
nu}uuopuu«d an extreme situation of uuuuui]ﬂity eradi-
cation. In other watersheds, nuclei of remnant wetlands
may remain as a source of propagules, and flowing
water may disperse those propagules. This is not to
deny the importance of their results, only to caution
that the general importance of shortages of propagules
as a cause of delay in vegetation recovery remains to
be established. Three years is a relatively short period,
and their data showed that species richness was in-
creasing with time. Further, extensive fields of soy-
beans and corn may be particularly effective barriers
between wetlands, thereby minimizing natural dispers-
al from native sites. A strength of this study was the
proper sampling design and the reporting on two com-
parable sets of wetlands, rather than the description of
a single case. There is also evidence that aquatic in-
vertebrates are under-represented in restored wetlands
(Galatowitsch and van der Valk 1994). Given the poor
dispersal abilities of some species, Galatowitsch and
van der Valk conclude that, at least in prairie potholes
amidst farmland, species in guilds with poor dispersal
capabilities will have to be reintroduced during resto-
ration in order to re-establish the original ecological
communities. This serves to emphasize that in certain
situations, dispersal traits may be important predictors
of likelihood of re-colonization.

The Experimental Assembly of Wetlands

If this approach to community assembly has valid-
ity, different filters should create different communi-
ties from a species pool. We have recently explored
this process with a microcosm experiment (Weiher and
Keddy 1995, Weiher et al. 1996). A pool of 20 wetland
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Figure 8. Ten sets of environmental conditions (five dif-

ferent water-level regimes combined with each of two fer-
tility levels; solid symbols are high fertility) produced dif-
ferent wetland vegetation types from a standard pool of 20

; \
wetland cnpp;nc (FI'OH‘. Weiher and Ke Ady 1(7\95}.

plant species was sown into 120 containers represent-
ing 24 wetland environments. The twenty ‘species in
the pool were selected from a group of 91 candidate
species based upon criteria including life history type,
morphology, and germinability. The environmental
conditions manipulated included most of the major
variables thought to influence wetlands: (1) water lev-
el, (2) timing and duration of flooding, (3) leaf litter,
(4) soil surface texture, (5) timing of germination, and
(6) presence or absence of Typha. Moreover, each of
these factors was repeated at high and low fertility.
Species composition was then measured for five grow-
ing seasons.

Each environmental factor had a significant effect
upon species composition; even if identical pools oc-
cur, different communities can be selected from this
pool by different sets of environmental filters. Al-
though 24 different treatment regimes were provided,
water-levels and fertility were the most important fil-
ters. Restricting analysis to a subset of five water-level
regimes and two fertility levels (ten sets of conditions),
Figure 8 shows that four major vegetation types re-
sulted (although not all are clearly separated on the
two axes used in the illustration). That is, different sets
of environmental factors sometimes produced similar
vegetation composition. For example, in fertile treat-
ments with high water or spring flooding (Type I, Fig-
ure 8) the vegetation was made up primarily of Bidens
cernua L. and Eleocharis smallii (L.) R.&S. (Nomen-
clature follows Gleason and Cronquist (1963) for all
species). In contrast, fertile treatments with fluctua-
tions in water depth were primarily composed of Eleo-
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charis smallii or Lythrum salicaria L. (Type 11, Figure
8). Community type III included fertile treatments with
constant water level, and were dominated by Lythrum
salicaria with some Scirpus acutus Muhl. Finally, dri-
er treatments were largely composed of Lythrum sal-
icaria and Carex crinita Lam.

Based upon these results, a few simple filters can be
arranged to show how different environments filtered
out sets of different communities from a species pool.
Taking a community perspective and considering rel-
ative abundance and position in DCA space, Figure 9
shows an overview of the results. First, one unknown

filter prevents establishment of one species, Panicum
longifolium Torr. The second filter represents differ-
ences in establishment that were associated with water
level. The third filter represents loss of species that did
establish but were unable to persist through time (e.g.,
Xyris difformis Chapm.); presumably, such species
could not survive the effects of neighbors. Experi-
ments with planted canopies have since shown that
established plants are a strong filter upon the estab-
lishment of a wide range of native species (Keddy et
al. 1998). The remaining species were then sorted by
response to high versus low fertility. In one case, an
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added filter of constant high water transferred a com-
munity type from the high water to the low water
group; that is, different treatments sometimes yielded
similar communities.

Response Rules

Assembly rules often involve the creation of new
communities in previously unoccupied environments.
While this may mimic some restoration problems,
(e.g., turning a gravel pit into a wetland), a majority
of management problems begin with an established
community that managers want to change in certain
ways, perhaps to eliminate exotic species or to increase
rare species. In such cases, one needs response rules,
which specify how an initial vector of species com-
position will respond when an environmental factor is
changed. Lewontin (1974) has called this ““transfor-
mation rules.”” Other examples might include how
prairie vegetation will respond to fire or grazing, how
bird communities will respond to forest clearance, and
how stream invertebrates will respond to siltation. In
such a situation, a subset of species is already present
at the site, and it is necessary to first determine how
these will respond to the perturbation (deletion rules).
Once the appropriate sets have been deleted, the spe-
cies pool and trait matrix is screened for those species
likely to invade (addition rules). The combination of
deletion and addition rules is shown in Figure 10.

STEP 2: MONITORING SUCCESS AND FAILURE

Restoration projects must include monitoring (Holl-
ing 1978). From the point of view of basic science,
the only way to develop workable assembly rules is to
specify the factors, traits, and pool to be combined,
make a prediction, and then test whether the commu-

t

nity responds in the manner ptedicted. If not, refine-
ments. are necessary for progress to occur. From the
applied perspective, monitoring is necessary to deter-
mine whether the restoration is working. If manage-
ment funds are being spent, and no useful ecological
responses are occurring, the program is worthless.
Monitoring requires us to select indicators for wetlands
and then specify the target values for these indicators.
Habits being what they are, it is always tempting to
start counting selected species. In practice, 'there is a
large body of science that deals with the selection of
indicators and target values (e.g., Odum 1985, Rapport
et al. 1985, Goldsmith 1991, McKenzie et al. 1992,
Woodley et al. 1993). ’

Indicators provide an instrument panel for wetland
management (Adamus 1992, Keddy et al. 1993). There
is difficulty in choosing indicators precisely because
ecology is not well enough developed as a science to
specify what the essential properties, of wetlands are.
There is a great deal of activity in this area, always
with the attendant risk that these problems will be
tackled in an isolated manner, ignoring the many sim-
ilarities across systems. Let me therefore outline a pro-
cess that begins with some fairly pragmatic decisions.
The process has three key steps: selecting the state
variables, setting critical limits, and testing the indi-
cators with a monitoring program.

Selecting State Variables

What properties of communities should we measure
to guide our decision making? In the past, indicators
have been developed haphazardly, often reflecting the
interests of specific user groups and value systems,
rather than according to more broad scale ecological
criteria. This history is reflected in the idiosyncratic
kinds of databases currently available (e.g., C.J. Keddy
and McCrae 1989). As Tansley observed in 1914 (long
before the advent of computer-controlled recording de-
vices, satellite imagery, and very large science bud-
gets), ‘“The mere taking of an instrument in the field
and recording of observations ... is no guarantee of
scientific results.” This observation is too often over-
looked. A few simple criteria might guide the selection
of indicators.

Ecologically meaningful: closely related to mainte-
nance of essential environmental processes (e.g., wa-
ter-level fluctuations) and ecosystem functions (e.g.,
primary production).

Macro scale: measuring the state of entire systems
or key processes rather than small pieces or selected
species.
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Pragmatic: guided by measurable or empirical attri-
butes of systems rather than conceptual or theoretical
concepts and notions.

Sensitive: quick response to stresses and perturba-
tions, to minimize lag and give maximum response
times for decision-makers.

Simple: easy to measure, therefore inexpensive.
With these criteria in mind, there are at least three
procedures that might be used to select indicators.

First, those abiotic environmental factors that main-
tain and control communities could be directly mea-
sured. Some of these key factors were listed above,
and the examples addressed the response of selected
biota to filters such as dissolved oxygen, salinity, and
flooding. At one time, physical factors alone were
monitored. Cairns et al. (1992) recalls that in 1948,
“most pollution assessment was carried out by what
were then called sanitary engineers (waste freatment
specialists) and chemists. The accepted procedure was,
that if certain limited chemical/physical conditions
were met ... there was little or no need to examine the
biota (p. ix).”

More recently, the biota have received increasing
attention. This second approach could be. considered
indirect, in that the factors are assessed by the impacts
upon the biota. However, if it is the biota themselves
that are really of interest, then they are being directly
measured rather than inferred from abiotic factors.
Further, organisms have the ability to integrate the ef-
fects of complex environmental factors that vary in
space and time. Biomass, diversity, and life forms are
candidate ecosystem properties for monitoring.

A third approach emphasizes the evaluation of sys-
tems that have already been damaged or stressed to
find indicators that appear sensitive to that damage or
stress (Woodwell and Whittaker 1968, Odum 1985,
Rapport et al. 1985, Rapport 1989, Freedman 1995).
Ecosystems that are under stress display certain similar
responses, including increased community respiration
and increased nutrient loss.

Setting Critical Limits

Once indicators are selected, the next step is to set
acceptable and desirable levels for them. Each indi-
cator should have a range of values specified, one limit
being the tolerable level and the other being the de-
sirable. If the system moves outside this specified
range, remedial action is needed. For example, de-
pending upon the situation, a goal of zero exotics
might be desirable for a rare wetland vegetation type,
and two exotics might be tolerable. If more exotics

than this invaded the site, investigation and appropriate
remedial action would be required. In many cases, of
course, a single exotic can have a dramatic effect upon
community structure, and it may be ncccssarf,f to spec-
ify that remedial action is required if the exotic ex-
ceeds a measurable proportion of the community bio-
mass.

In the long run, it would be useful to have a hand-
book that would (1) classify major wetland types and
(2) specify, for each wetland type, the appropriate in-
dicators with their desirable and acceptable levels.
Guides for forest ecosystems such as Jones et al
(1983) or wetland ecosites such as Racey et al. (1996)
illustrate the feasibility of this approach. It is possible
that some indicators might have similarl levels for all
wetland types, but most (e.g., amphibian biomass, pop-
ulation density of exotic herbivores, diversity of car-
nivorous plants) will have different critical limits for
each wetland or habitat type.

Monitoring

Selecting indicators and setting critical limits is an
iterative or adaptive process. As scientific knowledge
of community ecology and experience with ecosystem
management accumulates, it may become necessary to
change either indictors or critical limits. Indicators
would therefore evolve to reflect our constantly im-
proving knowledge. It is therefore essential to monitor
as projects occur and then to use the information from
monitoring to revise criteria for future projects (e.g.,

Holling 1978, Beanlands and Duinker 1983, Keddy
1991, Adamus 1992).

At present, indicators are often selected on a system—
by-system basis. While there will always be a need for
indicators of factors relevant to local communities,
such as particular species of commercial fish, it would
be desirable to rapidly try to achieve consensus on a
standard and more general series of indicators for wide
usage. Not only would a standard list be more effi-
cient, but it would allow comparison and contrast
among wetlands and among management strategies.

In a frequently-overlooked book chapter, Bloom
(1980) has described a general procedure for setting
critical limits and quantifying the recovery of com-
munities after disturbance. He assumes the availability
of a pre-perturbation set of samples is available as a
reference point. Based upon the species composition
of these samples, one can define a 95% confidence
interval envelope around the centroid of the original
community (Figure 11). While Bloom used principal
coordinate analysis to define the space occupied by
these samples, any number of other possibilities exists;
indeed, one might not even use species composition,
but other properties such as functional composition,
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Figure 11. Defining and charting the recovery of a com-
munity after perturbation. The data are from a benthic com-
munity, with sample units 1-12 before perturbation and sam-
ple units 13-24 after perturbation. The solid and dotted box-
es represent two procedures for calculating a 95% rejection
polygon using parametric and non-parametric methods re-
spectively (from Bloom 1980).

diversity, or biomass. In any such case, the same prin-
ciples would apply. A perturbation occurs when the
community is pushed outside these 95% confidence
limits. If the trajectory of the community is then mon-
itored along the same axes, one can track both its de-
gree of departure from the original composition and
its recovery; departures are defined as movement away
from the centroid and recovery as movement towards
it. Recovery is considered to have finished when the
perturbed community returns to within the envelope
defined by the original samples. The strengths of this
approach are that one is provided with an objective
space that defines the original state, as well as objec-
tive measures of perturbation and recovery.

In many cases, of course, the restoration ecologist
inherits a perturbed site that may already be in the
region of sample points 13 or 14 in Figure 11. In such
a case, it is up to the recovery team to decide upon
the desired composition. This could be based on his-
torical data from the site, published data from other
sites that provide the desired end point, or new data
from other less-perturbed sites. One might even select
a different region of the phase space if this region rep-
resents a community type that is disappearing from the
landscape. Once this decision is made and the appro-
priate recovery region is defined, the task of the res-
toration ecologist is to move the community from the
right part of the figure into the desired region on the
left. The factors covered earlier in this paper should
provide the necessary shopping list.

CONCLUSION

Assembly rules may provide a helpful framework to
unify ongoing work in community ecology and wet-
land restoration. I have tried to show that this frame-
work can be applied to existing studies and, perhaps
more importantly, that different environmental filters
can be used to create different wetland communities
from a standard pool of species. Assembly rules can
therefore specify a direction for research and allow us
to measure progress toward a goal (see also Rigler
1982, Rigler and Peters 1995). While ecologists all
know that wetlands are the product of a set of envi-
ronmental factors, both natural and human-induced,
what still remains is the task of predicting how the
composition of wetland communities will 'respond to
changes in such factors. This requires systematic at-
tention to species traits and environmental ﬁl;crs, as
well to those indicators that monitor success or failure.
Once our scientific community can effectively restore
wetlands, we may indeed call community ecology a
science. ' -

ACKNOWLEDGMENTS -

I thank Evan Weiher, Rochelle Lawson, Lauchlan
Fraser, and Michaelyn Broussard for helping prepare
the manuscript, the anonymous reviewers for many
helpful suggestions, and the editors for their patience.
This research was funded by the Natural Sciences and
Engineering Research Council of Canada.

LITERATURE CITED

Adam, P. 1990. Saltmarsh Ecology. Cambridge University Press,
Cambridge, UK.

Adams, G. D. 1988. Wetlands of the prairies of Canada. p- 158-
198. In Wetlands of Canada. National Wetlands Working Group.
Ecological Land Classification Series, No. 24. Sustainable Devel-
opment Branch, Environment Canada, Ottawa, Ontario, Canada
and Polyscience Publications Inc., Montreal, Quebec, Canada.

Adamus, P R. 1992. Choices in monitoring wetlands. p. 571-592.
In D. H. McKenzie, D. E. Hyatt, and V. J. McDonald (eds.) Eco-
logical Indicators. Elsevier Applied Science, London, UK.

Batt, B. D. J, M. G. Anderson, C. D. Anderson, and E D. Caswell.
1989. The use of prairie potholes by North American ducks. p-
204-227. In A. G. van der Valk (ed.) Northern Prairie Wetlands.
Iowa State University Press, Ames, 1A, USA.

Bauder, E. T. 1989. Drought stress and competition effects on the
local distribution of Pogogyne abramsii. Ecology 70:1083-1089.

Beanlands, G. E. and P. N. Duinker. 1983. An ecological framework
for environmental impact assessment in Canada. Institute for Re-
source and Environmental Studies Dalhousie University and Fed-
eral Environmental Assessment Review Office. Halifax, Nova
Scotia, Canada.

Beard, J. S. 1949. The Natural Vegetation of the Windward & Lee-
ward Islands. Clarendon Press, Oxford, UK.

Bégin, Y., S. Arseneault, and J. Lavoie. 1989. Dynamique d’une
bordure forestiére par suite de la hausse récente du niveau marin,
rive sud-ouest du Golfe du Saint-Laurent, Nouveau-Brunswick.
Géographie Physique et Quaternaire 43:355-366.

Belkin, D. A. 1963. Anoxi: tolerance in reptiles. Science 139:492—
493,



730

WETLANDS, Volume 19, No. 4, 1999

Bertness, M. D. 1991. Interspecific interactions among high marsh
perennials in a New England salt marsh. Ecology 72:125-137.
Bertness, M. D. and S. D. Hacker. 1994. Physical stress and positive
associations among marsh plants. The American Naturalist 144:

363-372.

Bertness, M. D., and G. H. Leonard. 1997. The role of positive
interactions in communities: Lessons from intertidal habitats.
Ecology 78:1976-1989.

Bertness, M. D., L. Gough, and §. W. Shumway. 1992. Salt toler-
ances and the distribution of fugitive salt marsh plants. Ecology
73:1842-1851.

Bloom, S. A. 1980. Multivariate quantification of community recov-
ery. p. 141-151. In J. Caimns (ed.) The Recovery Process in Dam-
aged Ecosystems. Ann Arbor Science Publishers, Ann' Arbor, Mi,
USA.

Boesch, D. E, M. N. Josselyn, A. J. Mehta, J. T. Morris, W. K.
Nuttle, C. A. Simenstad, and D. P. J. Swift. 1994, Scientific As-
sessment of Coastal wetland loss, restoration and management in
Louisiana. Journal of Coastal Research, Special Issue No. 20.
Coastal Education and Research Foundation, Lawrence, KS, USA.

Bolen, E. G., L. M. Smith, and H. L. Schramm, Jr. 1989. Playa
lakes: prairie wetlands of the southern High Plains. BioScience
39:615-623.

Bonnicksen, T. M. 1988. Restoration ecology: philosophy, goals and
ethics. The Environmental Professional 10:25-35.

Boutin, C., and P A. Keddy. 1993. A functional classification of
wetland plants. Journal of Vegetation Science 4:591-600.

Cairns, J. (ed.). 1980. The Recovery Process in Damaged Ecosys-
tems. Ann Arbor Science Publishers, Ann Arbor, MI, USA.

Cairns, J. 1989. Restoring damaged ecosystems: is predisturbance
condition a viable option? The Environmental Professional 11:
152-159.

Cairns, J., Jr., B. R. Niederlehner, and D. R. Orvos. 1992. Predicting
Ecosystem Risk. Advances in Modern Environmental Toxicology,
Vol. XX. Princeton Scientific Publishing Company, Princeton, NJ,
USA.

Carpenter, J. E, J. R. Kitchell, P. A. Hodgson, J. J. Cochran, M. M.
Elser, D. M. Elser, D. Lodge, X He. Kretchmer, and C. N. von
Ende. 1987. Regulation of lake primary productivity by food web
structure. Ecology 68:1863-1876.

Castellanos, E. M., M. E. Figueroa and A. J. Davy. 1994. Nucleation
and facilitation in saltmarsh succession: Interactions between
Spartina maritima and Arthrocnemem perenne. Journal of Ecol-
ogy 82:239-248.

Chung, C. 1982. Low marshes, China. p. 131-145. /n RR. Lewis
111 (ed.) Creation and Restoration of Coastal Plant Communities.
CRC Press, Boca Raton, FL, USA. )

Clements, E E. 1935. Experimental ecology in the public service.
Ecology 16:342-363.

Cummins, K. W. 1973. Trophic relationships of aquatic insects. An-
nual Review of Entomology 18:83-206.

Cummins, K. W. and M. J. Klug. 1979. Feeding ecology of stream
invertebrates. Annual Review of Ecology and Systematics 10:
147-172.

Diamond, J. M. 1975. Assembly of species communities. p. 342~
444. In M. L. Cody and J. M. Diamond (eds.) Ecology and Evo-
lution of Communities. Belknap Press, Harvard University Press,
Cambridge, MA, USA.

Dore, W. G. and J. McNeill. 1980. Grasses of Ontario. Monograph
26, Research Branch, Agriculture Canada, Ottawa, Ontario, Can-
ada.

Drake, J. A. 1990. Communities as assembled structures: do rules
govern pattern? Trends in Ecology and Evolution 5:159-164.

Eriksson, O. 1993. The species-pool hypothesis and plant commu-
nity diversity. Oikos 68:371-374.

Essame, H. 1974. Pation. A Study in Command. Scribner’s, New
York, NY, USA.

Freedman, B. 1995. Environmental Ecology (2nd ed.). Academic
Press, San Diego, CA, USA.

Frey, R. W,, and P. B. Basan. 1978. Coastal salt marshes. p. 101-
169. In R. A. Davis (ed.) Coastal Sedimentary Environments,
Springer-Verlag, New York, NY, USA.

Galatowitsch, S. M. and A. G. van der Valk. 1994, Restoring Prairie

Wetlands: An Ecological Approach. Iowa State University Press,
Ames, 1A, USA.

Galatowitsch, S. M. and A. G. van der Valk. 1996. The vegetation
of restored and natural prairie wetlands. Ecological Applications
6:102-112. '

Garcia, L. V., T. Marafién, A. Moreno, and L. Clemente. 1993.

, Above-ground biomass and species richness in a Mediterranean
salt marsh. Journal of Vegetation Science 4:417-424.

Glooschenko, W. A. 1980. Coastal ecosystems of the James/Hudson
Bay area of Ontario, Canada. Zeitschrift fuer Geomorphologie
N.E 34:214-224.

Gough, L. G., J. B. Grace, and K. L. Taylor. 1994. The relationship
between species richness and community biomass: the importance
of environmental variables. Oikos 70:271-279.

Gleason, H. A. and A. Cronquist. 1963. Manual of Vascular Plants
of the Northeastern United States and Adjacent Canada. Willard
Grant, Boston, MA, USA.

Goldsmith, F B. (ed.). 1991. Monitoring for Conservation and Ecol-

ogy. Chapman and Hall, London, UK. ‘

Goulding, M. 1980. The Fishes and the Forest: Explorations in Am-
azonian Natural History. University of California Press, Berkley,
CA, USA. ] :

Grace, J. B. and D. Tilman. (eds.). 1990. Perspectives on Plant Com-
petition. Academic Press, San Diego, CA, USA.

Grime, J. P, and R. Hunt. 1975. Relative growth rate: its range and
adaptive significance in a local flora. Journal of Ecology 63:393—
422. .

Grime, 1. P, G. Masor, A. V. Curtis, J. Rodman, S. R. Band, M. A.
G. Mowforth,, A. M. Neal, and S. Shaw. 1981. A comparative
study of germination characteristics in a local flora. Journal of
Ecology 69:1017-1059.

Gurevitch, 1., L. Morrow, A. Wallace, and J. Walsh. 1992. A meta-
analysis of competition in field experiments. The American Nat-
uralist 140:539-572.

Hoagland, B. W., and S. L. Collins. 1997. Heterogeneity in short-
grass prairie vegetation: the role of playa lakes. Journal of Veg-
etation Science 8:277-286.

Holling, C. S. (ed.). 1978. Adaptive Environmental Assessment and
Management. International Institute for Applied Systems Analy-
sis, John Wiley and Sons, Chichester, UK.

Hughes, L., M. Dunlop, K. French, M. R. Leishman, B. Rice, L.
Rodgerson, and M. Westoby. 1994. Predicting dispersal spectra: a
minimal set of hypotheses based on plant attributes. Journal of
Ecology 82:933-950.

Jefferies, R. L. 1988, Pattern and process in Arctic coastal vegetation
in response to foraging by lesser snow geese. p. 281-300. /n M.
J. A. Werger, P J. M. van der Aart, H. J. During, and J. T
A.Verhoeven. Plant Form and Vegetation Structure. SPB Academ-
ic Publishing, The Hague, The Netherlands.

Jones, C. G., J. H. Lawton, and M. Shachak. 1994. Organisms as
ecosystem engineers. Oikos 69:373~386.

Jones, R. K., G. Pierpoint, G. M. Wickware, J. K. Jeglum, R. W.
Arnup, and J. M. Bowles. 1983. Field Guide to Forest Ecosystem
Classification for the Clay Belt, Site Region 3e. Ontario Ministry
of Natural Resources, Thunder Bay, Ontario, Canada.

Jordan, W, R., M. E. Gilpin, and J. D. Aber. 1987. Restoration Ecol-
ogy. A Synthetic Approach to Ecological Research. Cambridge
University Press, Cambridge, UK.

Junk, W. J. 1984. Ecology of the varzea, floodplain of Amazonian
white-water rivers. p. 215-243. In H. Sioli (ed.) The Amazon
Limnology and Landscape Ecology of a Mighty Tropical River
and its Basin. Junk Publishers, Dordrecht, The Netherlands.

Junk, W. I, M. G. M. Soares, and U. Saint-Paul. 1997. The Fish.
The Central Amazon Floodplain. Ecological Studies 126:385—
408.

Kantrud, H. A., J. B. Millar, and A. G. van der Valk. 1989. Vege-
tation of the wetlands of the prairie pothole region. p. 132-187.
In A. G. van der Valk (ed.) Northern Prairie Wetlands. Iowa State
University Press, Ames, 1A, USA.

Keddy, C. J., and T. McCrae. 1989. Environmental databases for
State of the Environment Reporting: Conservation and Protection
Head Quarters. State of the Environment Reporting Branch, En-



Keddy, RESTORATION ECOLOGY AND ASSEMBLY RULES 731

1

vironment Canada, Ottawa, Ontario, Canada. Technical Report
No. 19. .

Keddy, P A. 1976. Lakes as islands: the distributional ecology of
two aquatic plants, Lemna minor L. and L. trisuica L. Ecology
57:163-359.

Keddy P. A. 1989. Competition. Chapman and Hall, London, UK.

Keddy, P. A. 1991. Biological monitoring and ecological prediction:
from nature reserve management to national state of the enyiron-
ment indicators. p. 249-267. In E B. Goldsmith (ed.) Monitoring
for Conservation and Ecology. Chapman and Hall, London, UK.

Keddy, P A. 1992. Assembly and response rules: two goals for
predictive community ecology. Joumal of Vegetation Sc:ence 3:
157-164.

Keddy, P. A. 1999. Epilogue: from global exploration to community
assembly. p. 393—-402. In E. Weiher, and P A. Keddy (eds.) Eco-
logical Assembly Rules: Perspectives, Advances, Retreats. Cam-
bridge University Press, Cambridge, UK.

Keddy, P. A., and A. A. Reznicek. 1986. Great Lakes vegetation
dynamics: the role of fluctuating water levels and buried seeds.
Journal of Great Lakes Research 12:25-36.

Keddy, P. A., H. T. Lee, and 1. C. Wisheu. 1993. Choosing indicators
of ecosystem integrity: Wetlands as a model system. p. 61-79, in
S. Woodley, J. Kay, and G. Francis (eds.) Ecological Integrity and
the Management of Ecosystems. St. Lucie Press, Delray Beach,
FL, USA.

Keddy, P. A., L. H, Fraser, and 1. C. Wisheu. 1998. A comparative
approach to examine competitive response of 48 wetland plant
species. Journal of Vegetation Science 9:777-786.

Keddy, P. A. and E. Weiher. 1999. Introduction: the scope and goals
of research on assembly rules. p. 1-20. Jn E. Weiher and P A.
Keddy (eds.) Ecological Assembly Rules: Perspectives, Advances,
Retreats. Cambridge University Press, Cambridge, UK.

Keogh, T. M., P Keddy, and L. H. Fraser. 1999. Patterns of tree
species richness in forested wetlands. Wetlands 19:639-647.

Kramer, D. L., C. C. Lindsay, G. E. E. Moodie, and E. D. Stevens.
1978. The fishes and the aquatic environment of the Central Am-
azon basins, with particular reference to respiratory patterns. Ca-
nadian Journal of Zoology 56:717-729.

Kusler, J. A. and M. E. Kentula. (eds.). 1990. Wetland Creation and
Restoration: Status of the Science. Island Press, Washington, DC,
USA.

Lane, P A. 1985. A food web approach to mutualism in lake com-
munities. p. 344-374. In D. H. Boucher (ed.) The Biology of
Mutualism. Ecology and Evolution. Oxford University Press, New
York, NY, USA.

Larson, D. W. 1996. Brown’s Woods: an early gravel pit forest res-

toration project, Ontario, Canada. Restoration Ecology 4:11-18.

Levine, J., J. S. Brewer, and M. D. Bertness. 1998. Nutrients, com-
petition and plant zonation in a New England salt marsh. Journal
of Ecology. 86:285-292.

Lewontin, R. C. 1974. The Genetic Basis of Evolutionary Change.
Columbia University Press, New York, NY, USA.

Lockwood, J. L. and S. L. Pimm. 1999. When does restoration suc-
ceed? p. 363-392. in E. Weiher and P. A. Keddy (eds.) Ecological
Assembly Rules: Perspectives, Advances, Retreats. Cambridge
University Press, Cambridge, UK.

Lodge, D. M. 1991. Herbivory on freshwater macrophytes. Aquatic
Botany 41:195-224.

Lowe-McConnell, R. H. 1975. Fish Communities in Tropical Fresh-
waters. Their Distribution, Ecology and Evolution. Longman,
London, UK.

MacArthur, R. H. and E. O. Wilson. 1967. The Theory of Island
Biogeography. Monographs in Population Biology. No. 1. Prince-
ton University Press, Princeton, NJ, USA.

Magnuson, J. J, C. A. Paszkowski, F J. Rahel, and W. M. Tonn.
1989. Fish ecology in severe environments of small isolated lakes
in Northern Wisconsin. p. 487-515. In R. Sharitz and J. W. Gib-
bons (eds.) Freshwater Wetlands and Wildlife. USDOE Office of
Scientific and Technical Information, Oak Ridge, TN, USA. Conf-
8603101, DOE symposium Series No 61.

McKenzie, D. H., D. E. Hyatt, and V. J. McDonald. 1992. Ecological
Indicators Vols. 1 & 2. Elsevier, London, UK.

Meave, J., M. Kellman, A. MacDougall, and J. Rosales. 1991. Ri-

parian habitats as tropical refugia. Global Ecology and Biogeog-
raphy Letters 1:69-76.

Michener, W. K., E. R. Blood, K. L. Bildstein, M. M, Brinson, and
L. R. Gardner. 1997. Climate change, hurricanes and tropical
storms, and rising sea level in coastal wetlands. Ecological Ap-
plications 7:770-801.

Niering, W. A. and R. S. Warren. 1980. Vegetation patterns and
processes in New England salt marshes. Bioscience 30:301-307.

Noss, R. 1995. Maintaining Ecological Integriftf in Representative
Reserve Networks. A World Wildlife Fund Canada/World Wildlife
Fund United States Discussion Paper. World Wildlife Fund, To-
ronto, ON, Canada.

Odum, E. P. 1985. Trends expected in stressed ecosystems. Bio-
Science 35:419-422,

Partridge, T. R., and J. B. Wilson. 1987. Salt tolerance of salt larsh
plants of Otago, New Zealand. New Zealand Journal of Botany
25:559-566. .

Phipps, R. W. 1883. On the Necessity of Preserv‘mg and Replanting
Forests. Blackett and Robinson, Toronto, Ontario, Canada.

Pfadenhauer, O. J. and E Klotzli. 1996, Restoration experiments in
middle European wet terrestrial ecosystems: an overview. Vege-
tatio 126:101-115.

Racey, G. D., A. G. Harris, J. K. Jeglum, R. E Foster, and G. M.
Wickware. 1996. Terrestrial and Wetland Ecosites of Northwestern
Ontario. Ontario Ministry of Natural Resources, Thunder Bay,
Ontario, Canada. NW§T Field Guide FG-02. '

Rapport, D. J., C. Thorpe, and T. C. Hutchinson. 1985. Ecosystem
behavior under stress. American Naturalist 125:617—640.

Rapport, D. J. 1989. What constitutes ecosystem health? Perspec-
tives in Biology and Medicine 33:120-132.

Rigler, E H. 1982. Recognition of the possible: An advantage of
empiricism in ecology. Canadian Journal of Fisheries and Aquatic
Sciences 39:1323-1331.

Rigler, R. T. and R. H. Peters. 1995. Science and Lxmnology Ecol-
ogy Institute, Oldendorf, Germany.

Schoener, T. W. 1983. Field experiments on interspecific competi-
tion. The American Naturalist 122:240-285.

Schoener, T. W. 1985. Some comments on Connell’s and my reviews
of field experiments' on interspecific competition. The American
Naturalist 125:730-740.

Sculthorpe, C. D. 1967. The Biology of Aquatic Vascular Plants.
Reprinted in 1985 by Edward Arnold, London, UK.

Severinghaus, W. D. 1981. Guild theory development as a mecha-
nism for assessing environmental impact. Environmental Manage-
ment 5:187-190.

Shaffer, G. P, C. E. Sasser, J. G. Gosselink, and M. Rejmanek. 1992.
Vegetation dynamics in the emerging Atchafalaya Delta, Lousi-
ana, USA. Journal of Ecology 80:677-687.

Sheail, J. and T. C. E. Wells. 1983. The fenlands of Huntingdonshire,
England: A case study in catastrophic change. p. 375-393. /n A.
J. P. Gore (ed.) Ecosystems of the World 4B. Mires: Swamp, Bog,
Fen and Moor. Elsevier, Amsterdam, The Netherlands.

Shay, J. M., and C. T. Shay. 1986. Prairie marshes in western Can-
ada, with specific reference to the ecology of five emergent mac-
rophytes. Canadian Journal of Botany 64:443-454.

Shipley, B., P A. Keddy, D. R. J. Moore, and K. Kemky. 1989.
Regeneration and establishment strategies of emergent macro-
phytes. Journal of Ecology 77:1093—-1110.

Simberloff, D. and T. Dayan. 1991. The guild concept and the struc-
ture of ecological communities. Annual Review of Ecology and
Systematics 22:115-143.

Smith, L. M. and J. A. Kadlec. 1985. Fire and herbivory in a Great
Salt Lake marsh. Ecology 66:259-265.

Snow, A. A. and S. W. Vince. 1984. Plant zonation in an Alaskan
salt marsh II: An experimental study of the role of edaphic con-
ditions. Journal of Ecology 72:669—-684.

Steneck, R. S. and M. N. Dethier. 1994. A functional group approach
to the structure of algal-dominated communities. Qikos 69:476—
498.

Sykes, M. T. and J. B. Wilson. 1989. The effect of salinity on the
growth of some New Zealand sand dune species. Acta Botanica
Neerlandica 38:173-182.



732

WETLANDS, Volume 19, No. 4, 1999

Tansley, A. G. 1914. Presidential Address. Journal of Ecology 2:
194-203.

Thorson, T. and A. Svihla. 1943. Correlations of the habitats of
amphbians with their ability to surivive the loss of body water.
Ecology 24:374-381.

Tomlinson, P. B. 1986. The Botany of Mangroves. Cambridge Uni-
versity Press, Cambridge, UK.

Tonn, W. M., and J. J. Magnuson. 1982. Patterns in the species
composition and richness of fish assemblages in northern Wiscon-
sin lakes. Ecology 63:1149-1166.

Twolan-Strutt, L. and P. A. Keddy. 1996. Above- and below-ground
competition intensity in two contrasting wetland plant communi-
ties. Ecology 77: 259-270.

Underwood, T. 1986. The analysis of competition by field experi-
ments. p. 240-268. In J. Kikkawa and D. J Anderson (eds.) Com-

munity Ecology. Pattern and Process. Blackwell, Melbourne, Aus- '

tralia.

van der Valk, A. G. 1981. Succession in wetlands: a Gleasonian
approach. Ecology 62:688-696.

van der Valk, A. G. 1988. From community ecology to vegetation
mapagement: providing a scientific basis for management. p. 463—
470. In Transactions of the Fifty-third North American Wildlife
and Natural Resources Conference, Wildlife Management Insti-
tute, Washington, DC, USA.

van der Valk, A. G. and C. B. Davis. 1978. The role of seedbanks
in the vegetation dynamics of prairie glacial marshes. Ecology 59:
322--335.

Walker, B. H. and C. F Wehrhahn. 1971. Relationships between
derived vegetation gradients and measured environmental vari-
ables in Saskatchewan wetlands. Ecology 52:85-95.

Weiher, E. and P A. Keddy. 1995. The assembly of experimental
wetland plant communities. Oikos 73:323-335.

Weiher, E. and P, A. Keddy. 1999. Ecological Assembly Rules: Per-
spectives, Advances, Retreats. Cambridge University Press, Cam-
bridge, UK.

Weiher, E., I. C. Wisheu, P. A. Keddy, and D. R. J. Moore. 1996.
Establishment, persistence, and management implications of ex-
perimental wetland plant communities. Wetlands 16:208-218.

Weinberg, G. M. 1975. An Introduction to General Systems Think-
ing. John Wiley and Sons, New York, NY, USA. '

Weins, I. A. 1983. Avian community ecology: an iconoclastic view.
p- 355-403. In A. H. Brush and G. A. Clark, Jr. (eds.) Perspectives
in ornithology. Essays presented for the centennial of the Amer-
ican Ornithologists’ Union. Cambridge University Press, Cam-
bridge, UK,

Whittaker, R. J. and S. H. Jones. 1994. Structure in re-building in-
sular ecosystems: an empirically derived model. Oikos 69:524—
529. . 1

Wilbur, H. M. 1984, Complex life cycles and community organi-
zation in amphibians. p. 195-225. In P. W. Price, C. N. Slobod-
chikoff, and W. S. Gaud (eds.) A New Ecology: Novel Approach-
es to Interactive Systems. Wiley and Sons, New York, NY, USA.

Wild Earth. 1992. The Wildlands Project. Special Issue. Wild Earth,
Tucson, AZ, USA. ‘

Woodley, S., J. Kay, and G. Francis (eds.). 1993. Ecological Integrity
and the Management of Ecosystems. St. Lucie Press, Delray
Beach, FL, USA.

Woodwell, G. M. and R. H. Whittaker. 1968. Effects of chronic
gamma irradiation on plant communities. The Quarterly Review
of Biology 43:42-55.

Zedler, I. B. and C. P. Onuf. 1984. Biological and physical filtering
in arid-region estuaries: seasonality, extreme events, and effects
of watershed modification. p. 415-432. In V. S. Kennedy (ed.)
The Estuary as a Filter. Academic Press, New York, NY, USA.

Zedler, J. B. and P. A. Beare. 1986. Temporal variability of salt
marsh vegetation: the role of low-salinity gaps and environmental
stress. p. 295-306. In D. A. Wolfe (ed.) Estuarine Variability. Ac-
ademic Press, San Diego, CA, USA.

Zhulidov, A. V., J. V. Headley, R. D. Roberts, A. M. Nikanorov, and
A. A. Ischenko. 1997. Atlas of Russian Wetlands. Environment
Canada, National Hydrology Research Institute, Saskatoon, Sas-
katchewan, Canada. o

Zobel, M. 1997. The relative role of species pools in determining
plant species richness: an alternative explanation of species co-
existence? Trends in Ecology and Evolution 12:266-269.

Manuscript received 17 July 1996; revisions received 24 May 1999
and 6 September 1999; accepted 9 September 1999.





