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Abstract

The criteria of restoration success should be clearly estab-
lished to evaluate restoration projects. Recently, the Soci-
ety of Ecological Restoration International (SER) has
produced a Primer that includes ecosystem attributes that
should be considered when evaluating restoration success.
To determine how restoration success has been evaluated
in restoration projects, we reviewed articles published in
Restoration Ecology (Vols. 1[1]–11[4]). Specifically, we
addressed the following questions: (1) what measures of
ecosystem attributes are assessed and (2) how are these
measures used to determine restoration success. No study
has measured all the SER Primer attributes, but most

studies did include at least one measure in each of three
general categories of the ecosystem attributes: diversity,
vegetation structure, and ecological processes. Most of the
reviewed studies are using multiple measures to evaluate
restoration success, but we would encourage future proj-
ects to include: (1) at least two variables within each of
the three ecosystem attributes that clearly related to eco-
system functioning and (2) at least two reference sites to
capture the variation that exist in ecosystems.

Key words: diversity, ecological processes, ecosystem
attributes, replication, restoration success, vegetation
structure.

Introduction

‘‘Ecological restoration is the process of assisting the recov-
ery of an ecosystem that has been degraded, damaged, or
destroyed’’ (SER 2004). The ultimate goal of restoration is
to create a self-supporting ecosystem that is resilient to
perturbation without further assistance (Urbanska et al.
1997; SER 2004). But how do we know when we have
reached that goal? Various authors have suggested that
restoration success could be based on vegetation character-
istics (Walters 2000; Wilkins et al. 2003), species diversity
(van Aarde et al. 1996; Reay & Norton 1999; Passell 2000;
McCoy & Mushinsky 2002), or ecosystem processes
(Rhoades et al. 1998). Other authors have promoted a
more integrated approach that includes many variables to
provide a better measure of restoration success (Hobbs &
Norton 1996; Neckles et al. 2002; SER 2004).

The Society of Ecological Restoration International
(SER) (2004) produced a Primer that provides a list of
nine ecosystem attributes as a guideline for measuring res-
toration success. They suggested that a restored ecosystem
should have the following attributes: (1) similar diversity
and community structure in comparison with reference
sites; (2) presence of indigenous species; (3) presence of
functional groups necessary for long-term stability; (4)
capacity of the physical environment to sustain reproduc-
ing populations; (5) normal functioning; (6) integration
with the landscape; (7) elimination of potential threats;

(8) resilience to natural disturbances; and (9) self-
sustainability. Although measuring these attributes could
provide an excellent assessment of restoration success,
few studies have the financial resources to monitor all
these attributes. Furthermore, estimates of many attrib-
utes often require detailed long-term studies, but the mon-
itoring phase of most restoration projects rarely lasts for
more than 5 years.

In practice, most studies assessed measures that can be
categorized into three major ecosystem attributes. These
attributes are (1) diversity; (2) vegetation structure; and
(3) ecological processes. Diversity is usually measured
by determining richness and abundance of organisms
within different trophic levels (Nichols & Nichols 2003;
Weiermans & van Aarde 2003). In addition, it is useful to
determine the diversity of species within different func-
tional groups because this information provides an indi-
rect measure of ecosystem resilience (Peterson et al.
1998). Vegetation structure is usually determined by mea-
suring vegetation cover (e.g., herbs, shrubs, trees), woody
plant density, biomass, or vegetation profiles (Salinas &
Guirado 2002; Kruse & Groninger 2003; Wilkins et al.
2003), and these measures are useful for predicting the
direction of plant succession. Ecological processes such as
nutrient cycling and biological interactions (e.g., mycor-
rhizae, herbivory) are important because they provide
information on the resilience of the restored ecosystem.
For example, nutrient cycling determines how much
organic and inorganic components are available for or-
ganisms to persist in an ecosystem (Davidson et al. 2004;
Feldpausch et al. 2004). Nutrient cycling is usually
measured indirectly by estimating nutrient availability
(Fuhlendorf et al. 2002). The recovery of biological in-
teractions is also critical for the long-term function of
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a restored ecosystem. In many systems, poor seed dis-
persal is a major limiting factor for forest recovery (Holl
et al. 2000; Donath et al 2003; White et al. 2004) and is
often assessed by measuring seedling density and diversity
(Whisenant et al. 1995; Vallauri et al. 2002). The evalua-
tion of diversity, vegetation structure, and ecological pro-
cesses can reflect the recovery trajectory and self-
maintenance of restored ecosystems.

In addition to evaluating these attributes in the restored
site, it is necessary to compare them with values from ref-
erence sites to estimate the level of restoration success
(Passell 2000; Purcell et al. 2002; SER 2004). Reference
sites should occur in the same life zone, close to the resto-
ration project, and should be exposed to similar natural
disturbances (Hobbs & Harris 2001; SER 2004). More-
over, it is important to consider the variation that occurs
among reference sites; thus, more than one reference site
should be used for estimating restoration success (Hobbs
& Norton 1996; SER 2004). Including reference sites will
increase restoration costs, but they are essential for evalu-
ating restoration success.

The goal of this paper is to review how restoration suc-
cess has been evaluated in restoration projects and com-
pare these results with the SER guidelines. Specifically,
we addressed the following questions: (1) what measures
of ecosystem attributes are assessed and (2) how are these
measures used to determine restoration success. To
address these questions, we reviewed all restoration stud-
ies published during the first 11 years (1993–2003) of Res-
toration Ecology.

Methods

We evaluated all articles published in Restoration Ecology
(Vols. 1[1]–11[4]). We only considered articles that used
seeding or planting techniques to assist the restoration
process and whose main objective was to restore a site or
evaluate restoration success. We categorized the measures
assessed in these articles into three categories of ecosystem
attributes: diversity, vegetation structure, and ecological
processes. Articles with the main objective of comparing
different restoration techniques were not included in this
review.

For each article, we determined the geographic region
and classified habitat type (e.g., conifers, grasslands, wet-
lands), previous land use (e.g., agriculture, deforestation,
mining), and restoration technique (e.g., seeding or plant-
ing). In addition, we determined which measures of the
three ecosystem attributes were assessed. Specifically,
measures of diversity included richness or composition of
microbes, fungi, plants, invertebrates, and vertebrates, as
well as tropic guilds. Measures of vegetation structure
included vegetation cover, woody density, vegetation
height, basal area, biomass, and litter structure (e.g., num-
ber of litter layers, cover, or biomass). Measures of ecologi-
cal processes included nutrient pools, soil organic matter

(e.g., quantity or carbon isotopic composition), and biologi-
cal interactions (e.g., herbivory, mycorrhizae, pollination,
predation, parasitism). In practice, most measures of eco-
logical processes are one-time measurements or indicators
of these processes. In addition, we classified the statistical
analyses used to determine restoration success. Statistical
analyses were classified into four categories: group compar-
ison (e.g., analysis of variance [ANOVA], t test, Kruskall–
Wallis), ordinations (Detrended Correspondence Analysis
[DCA], Canonical Correspondence Analyses [CCA], clus-
ter analysis), indexes (e.g., Shannon–Weiner, Jaccard, Bray
Curtis), and linear comparison (e.g., regression, correlation,
time trajectories). We also documented the number of
restored and reference sites. Replicates were independent
sites and not plots or treatments within a site.

Results

Of the 468 articles analyzed, only 68 studies evaluated
restoration success after seeding or planting (Table 1).
The majority of these studies were carried out in
North America (53%), but there were also studies from
Australia (19%), Europe (16%), Africa (4%), South
America (4%), and Asia (3%; Table 1). Wetlands were
the habitat most frequently studied (19%), followed by
grassland (16%) and montane forest (13%). Previous
land use was mainly mining (36%) or agriculture (18%).
The most frequently used restoration technique was
planting seedlings (56%), followed by direct seeding
(31%), but some studies used both techniques (13%).
Two studies (3%) only measured one ecosystem attri-
bute, diversity. Forty studies (59%) measured two eco-
system attributes (28 measured diversity and vegetation
structure, 6 measured diversity and ecological processes,
and 6 measured vegetation structure and ecological pro-
cesses). Twenty-six studies (38%) measured three eco-
system attributes.

Diversity

Plant (79%) and arthropod (35%) richness were the most
common measures of diversity recovery (Table 1). The
majority of the studies measured only one group of organ-
isms (61%). In addition, some of these studies assigned
species to functional groups. For example, Kindscher and
Tieszen (1998) defined plant guilds in terms of photosyn-
thetic pathways to evaluate succession in prairies after
agriculture abandonment. Williams (1993) and Longcore
(2003) used arthropod trophic guilds to assess restoration
success. Other studies included multiple taxa. For exam-
ple, van Aarde et al. (1996) evaluated the recovery of
a coastal dune in South Africa by measuring seedlings,
millipedes, beetles, birds, rodents, and shrews. Nichols
and Nichols (2003) measured ants, reptiles, birds, and
mammals for the recovery of the jarrah forest after mining
in Australia.
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Vegetation Structure

Plant cover (62%), density (58%), biomass (39%), and
height (39%) were the most common measures of vegeta-
tion structure (Table 1). Most studies only included one or
two measures of vegetation structure (69%) and 31%
included three or more measures. For example, Parrota
and Knowles (1999) used crown cover, plant density,
tree basal area, canopy height, and litter depth to mea-
sure recovery of a tropical moist forest followed mining.
Similarly, Clewell (1999) used vegetation cover, density,
height, and tree basal area to measure the recovery of
riparian forest after mining.

Ecological Processes

Measures of biological interactions (60%) were the most
common ecological processes, followed by nutrient pools
(47%) and soil organic matter (39%; Table 1). The pres-
ence of mycorrhizae was measured in many studies, and
was classified as a biological interaction. For example,
Moynahan et al. (2002) quantified arbuscular mycorrhizae
colonization after liming and revegetation in abandoned
metal-contaminated mines. Other biological interactions
such as herbivory, dispersal, pollination, predation, or par-
asitism were mostly measured indirectly. For example,
Reay and Norton (1999) indirectly measured bird dis-
persal by quantifying bird-dispersed seedlings in restored
grassland in New Zealand. Some studies included very
detailed measures of ecosystem processes. For example,
Rhoades et al. (1998) used soil nitrogen, soil organic
matter, organic carbon, and litter dynamics to measure
the recovery of soil and abiotic conditions of a tropical
montane forest in Ecuador.

Statistical Analyses

Restoration success was commonly evaluated by using
group comparisons (e.g., ANOVA, t test; 56%), ordinations
(34%), or linear comparisons (34%; Table 1). For example,
McKee and Faulkner (2000) measured the recovery of bio-
geochemical functions in different types of mangroves in
two restoration sites and compared them with two refer-
ence sites using ANOVA. Ordination was mostly used in
studies that included the recovery of diversity. For example,
Watts and Gibbs (2002) used DCA to measure community
composition of ground-dwelling beetles in prairies with dif-
ferent vegetation structure in New Zealand. A useful way
to evaluate restoration success is by comparing the trajec-
tory of recovery of different variables through time with
reference sites. For example, Morgan and Short (2002) con-
sidered a measure to have recovered if its value was within
the 95% confidence interval in the reference site.

Most studies included more than one restored site
(68%), and restoration success was determined by com-
paring ecosystems attributes with reference sites (70%)
and usually with more than one reference sites (67%;
Table 1). Studies that were not replicated usually made

multiple measurements through time to demonstrate the
recovery trajectory (Zedler & Callaway 1999; Craft et al.
2002; Germaine & Germaine 2002).

Discussion

Study Region

The majority of studies published in Restoration Ecology
were conducted in North America (mainly United States),
Australia, and Europe. This geographic bias is not because
these areas are necessarily more degraded, but these coun-
tries have environmental laws that are often enforced and
financial resources to conduct these projects. For example,
nearly 60% of the review studies were done to comply
with laws (e.g., Clean Water Act, U.S.A.; National Envi-
ronment Protection Measures Act, Australia). Existing
laws usually do not include requirements for comparison
with reference sites. If laws do not require replication or
reference sites, it is unlikely that they will be incorporated
into future projects, given the increase in monitoring costs.
Restoration ecologists should incorporate reference sites,
more detailed methods of restoration success (e.g., ecosys-
tem attributes), and lobby to include these methods in
policy.

Diversity

Although plants are the most measured group, some stud-
ies of diversity included data on fauna. Invertebrates are
often included because they represent many different
functional groups (e.g., pollinators and decomposers; Holl
1995; Majer 1997; Longcore 2003) and because they play
a critical role in nutrient cycling (Tian et al. 1997). Verte-
brates were included when wildlife recovery was the major
motivation of the restoration project (George & Zack
2001; Morrison 2002; Nichols & Nichols 2003). Further-
more, vertebrates are more frequently studied than plants
or invertebrates in conservation biology projects, reflect-
ing differences in motives and funding sources (Clark &
May 2002). Although debates will continue on what
groups will provide the best measure of restoration suc-
cess (MacMahon & Holl 2001), it is important to consider
more than one group of organisms and preferably groups
in different trophic levels (Parmenter & MacMahon 1992;
Nichols & Nichols 2003).

Vegetation Structure

All studies evaluated at least the recovery of vegetation
structure or diversity after restoration (Table 1), in part,
because laws requiring restoration always include vegeta-
tion monitoring (Allen 1992). Another reason why vege-
tation characteristics are always included is that it is
assumed that the recovery of fauna and ecological pro-
cesses will follow the establishment of vegetation (Toth
et al. 1995; Young 2000). For example, there is a strong
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correlation between vegetation structure (e.g., height,
foliage layers, and basal area) and the recovery of birds
(Tilghman 1987; George & Zack 2001). Similarly, devel-
opment of structural complexity enhanced seed dispersal
and nutrient availability (Robinson & Handel 1993; Brad-
shaw 1997; Rhoades et al. 1998). Another reason for
including plants as measures of restoration success is that
measures associated with vegetation structure are easy
and rapid to measure, and usually there is little seasonal
variation in these measures. In contrast, to measure the
recovery of the bird community in a site, it is important to
take into consideration the seasonal variability of a site
(Martin & Karr 1986; Lefebvre & Poulin 1996; Holmes &
Sherry 2001). Similarly, measurements of productivity or
decomposition will require at least a year of monitoring
because of their seasonal variation.

Ecological Processes

Ecological processes were not measured as frequently as
measures of diversity or vegetation structure. Studies that
include ecological processes usually evaluated presence of
mycorrhizae or nutrient pools. Most studies measured
mycorrhizae colonization because they can significantly
affect plant growth and patterns of succession after a dis-
turbance (Haselwandter 1997). Including measurement of
mycorrhizae and nutrient cycling (e.g., decomposition,
mineralization, immobilization, or soil organic matter turn-
over) will improve the evaluation of restoration studies.

Ecological processes are rarely measured because they
are slower to recover in comparison with diversity or
vegetation structure (Chambers et al. 1994; Kindscher &
Tieszen 1998; Morgan & Short 2002). For example, the
recovery of soils after mining requires long-term monitor-
ing (e.g., more than 15 years) to achieve values similar to
those of reference sites (Allen 1993; Chambers et al. 1994;
Craft et al. 2002). In addition, ecological processes require
multiple measurements, which can increase the time and
cost of a project (Chambers et al. 1992; Herrick 2000). For
these reasons, most studies only make one-time measure-
ments or use indicators of ecological processes.

Statistical Analyses

The analyses used to evaluate restoration success de-
pended on the project design. For example, experimental
projects used ANOVA to test differences among restora-
tion techniques. In contrast, descriptive projects mainly
used ordinations or diversity indexes to compare restora-
tion sites with reference sites. Ordinations or similarity
indices can be more useful in describing species composi-
tion in community ecology because these analyses com-
pared species composition, not just richness (McCune &
Grace 2002). Another approach for analyzing restoration
success is using recovery trajectories (Chambers et al.
1994; Craft et al. 2002; Morgan & Short 2002; Nichols &
Nichols 2003). This approach graphically shows changes in

variables through time in restored sites in comparison with
values of reference sites. For example, Craft et al. (2002)
showed trajectories of the belowground biomass in cre-
ated brackish water marshes by measuring plant biomass
in both restored and reference sites every 2 years over
a 12-year period. This approach provides a good measure
of restoration success, but studies should also consider
interannual variation and nonlinear responses (see Zedler
& Callaway 1999, for more details). In addition, most
studies compared restoration success with one or more
reference sites to capture the dynamics and variability in
natural systems.

How Do These Results Compare with the SER

Primer on Ecological Restoration?

In practice, no study has measured all the SER Primer at-
tributes, but most studies did include the general categories
of the attributes evaluated in this review: diversity, vegeta-
tion structure, and ecological processes. These three attrib-
utes incorporate several of the attributes listed in the
Primer, but three Primer attributes are rarely measured in
restoration projects. These attributes include the capacity
of the physical environment to sustain reproducing pop-
ulations, the integration with the landscape, and self-
sustainability. These attributes require either data collection
outside the study area or long-term evaluation. For exam-
ple, various authors have argued the importance of integrat-
ing landscape characteristics (Naveh 1994, 1998; Aronson &
Le Floc’h 1996; Radeloff et al. 2000), but the additional
burden appears to limit the incorporation of a landscape
attribute. Similarly, few studies measure reproducing popu-
lation or evaluate self-sustainability of ecosystems because
these are long-term attributes that can rarely be measured
in the time frame of most restoration projects.

Ideally, all projects would follow the SER Primer guide-
lines and include information on the nine attributes, but
a more realistic goal is to promote the measurement of at
least diversity, vegetation structure, and ecological pro-
cesses. These three attributes are essential for the long-
term persistence of an ecosystem (Elmqvist et al. 2003;
Dorren et al. 2004), but the specific measures of these
attributes will vary depending on the ecosystem and the
goals of a restoration project. Nevertheless, at least two
variables within each of the three ecosystem attributes
that clearly related to ecosystem functioning should be
included to evaluate restoration success. In addition, the
criteria to evaluate restoration success should be based on
a comparison with more than one reference site to provide
the temporal and spatial dynamics of ecosystems.
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