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Abstract

Hypothetical models in the scientific literature sug-
gest that ecosystem restoration and creation sites fol-
low a smooth path of development (called a trajec-
tory), rapidly matching natural reference sites (the
target). Multi-million-dollar mitigation agreements
have been based on the expectation that damages to
habitat will be compensated within 5-10 years, and
monitoring periods have been set accordingly. Our
San Diego Bay study site, the Sweetwater Marsh Na-
tional Wildlife Refuge, has one of the longest and
most detailed records of habitat development at a mit-
igation site: data on soil organic matter, soil nitrogen,
plant growth, and plant canopies for up to 10 years
from a 12-year-old site. High interannual variation
and lack of directional changes indicate little chance
that targets will be reached in the near future. Other
papers perpetuate the trajectory model, despite data
that corroborate our findings. After reviewing “trajec-
tory models” and presenting our comprehensive data
for the first time, we suggest alternative management
and mitigation policies.

Introduction

he goal of ecological restoration is to return a dam-
aged ecosystem to a more natural condition (Na-
tional Research Council 1992). In setting specific objec-
tives, restoration planners look to restoration ecologists,
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who in turn rely on theories of community succession
and ecosystem development (Odum 1969; Grime 1977)
for models of how restoration sites will change through
time (Magnuson et al. 1980; Bradshaw 1984; Kentula et
al. 1992; Dobson et al. 1997; cf. Fig. 1). The need to pre-
dict development rates for restored ecosystems is ur-
gent because compensatory mitigation is becoming a
widespread practice. Reducing damage to habitat is ad-
dressed in the National Environmental Policy Act (1969),
the Clean Water Act (1972), and the Endangered Spe-
cies Act (1973); under these policies, unavoidable dam-
ages can be compensated through habitat restoration or
construction (see recent forum on wetland mitigation,
Zedler 1996a).

Policy for compensating damages to wetlands and
endangered species habitats assumes that a restored or
created ecosystem will, in relatively short order, replace
losses in structure and function (Environmental Protec-
tion Agency and Department of the Army 1990). Miti-
gation ratios—proportion of area to be restored to area
damaged—are established based on how long it might
take to reach the target and how closely the site is ex-
pected to match reference sites. If mitigation sites do
not develop rapidly or reach their targets, a change in
policy in indicated.

While many studies and simulation models charac-
terize the temporal dynamics of vegetation composition
(Bazzaz 1996), few data sets document the maturation
of ecosystem processes, such as primary productivity
and nutrient accumulation (Richardson 1994). Much of
the predictive capability is qualitative, not quantitative
(Fig. 1). Depictions of restoration site development
(Magnuson et al. 1980; Bradshaw 1984; Kentula et al.
1992; Hobbs & Mooney 1993) differ from one another in
several ways: (1) the frame of reference is either time
(Fig. 1A, C, & D) or ecosystem structure and function
(Fig. 1B, C, & D); (2) the shape of the expected pathway
is straight or curved or becomes flat; (3) endpoints are
single points (Fig. 1C) or include alternative outcomes
(Fig. 1A, B, & D; Zimmerman et al. 1996); and (4) varia-
tion in the path is included (Fig. 1C; Richardson 1994)
or not (Fig. 1A, B, & D). In all cases, however, a smooth
path with increasing ecosystem function has been pro-
posed.

In recent years, the term “trajectory” has been
adopted for these hypothetical pathways (Aronson &
Le Floc’h 1996; Hobbs & Norton 1996; Simenstad &
Thom 1996; Dobson et al. 1997; Meffe et al. 1997). We
evaluate the trajectory concept using some of the long-
est-term and most complete data on constructed wet-
land development and ask if this system follows a clear
path and can be expected to hit its target. We studied a
San Diego Bay mitigation site that was designed to sup-
port an endangered bird, Rallus longirostris levipes (the
Light-footed Clapper Rail). An 8-ha area of sandy fill
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Figure 1. Hypothetical models of restoration site trajectories,
with natural ecosystem conditions indicated by a bull’s-eye
and the degraded system as an open circle. Redrawn from
Magnuson et al. (1980), this figure was developed to charac-
terize lake degradation (A). Redrawn from Bradshaw (1984)
and Dobson et al. (1997), this model characterized degrada-
tion due to mining or other operations; the author acknowl-
edged that assistance would be needed for rapid ecosystem
development (B). Redrawn from Kentula et al. (1992); the au-
thors indicate that some attributes of constructed wetlands
may initially be higher than reference systems, giving the ex-
ample of Simpson’s diversity index for vegetation (C). Re-
drawn from Hobbs and Mooney (1993) (D).

was excavated to intertidal elevations in 1984, and eight
marsh islands were planted with Spartina foliosa (cord-
grass) in 1985 to provide nesting habitat for the clapper
rail. We report data on the soil (organic matter content
[OM] and total Kjeldahl nitrogen [TKN]) and the cord-
grass canopy (number of tall stems and total stem length,
an estimate of aboveground biomass).

Long-Term Data from San Diego Bay Marshes

In previous publications (Pacific Estuarine Research
Laboratory 1990; Langis et al. 1991; Zedler 1993; Gibson
et al. 1994; Boyer & Zedler 1996; Zedler 1996b; Haltiner
et al. 1997; Boyer & Zedler 1998) we have detailed the
sampling methods and results of comparing constructed
and adjacent reference marshes in San Diego Bay, Cali-
fornia. The principal target for this mitigation site is to
produce tall, self-sustaining stands of cordgrass for nest-
ing by the Light-footed Clapper Rail. The constructed
wetland has a basic problem, that the substrate is much
sandier than natural marshes (Langis et al. 1991). The
coarse soil neither supplies nor retains sufficient nitro-
gen for optimal plant growth (Gibson et al. 1994; Boyer
& Zedler 1998); hence, the cordgrass does not grow tall

.....

Soil TKN (mg/g)
}_
Y
Soil Organic Matter (%)

300 200

200 ]-

150

100

100+ ]
= fd 50

Total Stem Length
=0—
_i
PO
# Stems >90 cm

T

11
n I
0- d+toooto

0 2 4 6 810
Time (years)

O+—T—T—T—
02 46 810

Time (years)

Figure 2. Changes in soil and plant canopy attributes at San
Diego Bay from 2 to 11 years after planting in 1985. Squares,
constructed marsh; diamonds, natural reference marsh. Total
Kjeldahl nitrogen of surface soil (A). Soil organic matter (loss
on ignition) (B). Spartina foliosa (cordgrass) total stem length
(m/m?), measured at the end of the growing season (C). Num-
ber of cordgrass stems taller than 90 cm (D).

enough to support clapper rail nesting (Zedler 1993). In
addition, short, stressed plants are more susceptible to
insect attack than tall plants, and insect outbreaks fur-
ther constrain cordgrass height (Boyer & Zedler 1996).

Organic matter content and total Kjeldahl nitrogen
have proven to be useful variables for assessing soil con-
ditions (Pacific Estuarine Research Laboratory 1990).
Cordgrass growth is readily assessed as total stem length
and the number of stems per square meter that are
taller than 90 cm is a good indicator of suitable nesting
habitat (Zedler 1993). For the first time, we report the
long-term data (from years 2-11) on four soil and vege-
tation characteristics (Fig. 2). These data fail to support
the trajectory concept for the following reasons.

First, there is a high interannual variability for both
the constructed and natural marshes. This is not sur-
prising, because southern California coastal wetlands
are influenced by occasional, unpredictable floods that
deliver fresh water, nutrients, and sediment in pulses.
Both biomass and cordgrass height are known to re-
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spond positively to flooding (Zedler 1983), which oc-
curred twice during the monitoring period, in 1993 and
1995 (years 8 & 10). High interannual variability was
also reported for a constructed wetland near Puget
Sound, where most of the assessed attributes failed to
show directional change (Simenstad & Thom 1996).

Second, none of our data indicate strong directional
trends in ecosystem development, although the data for
soil OM suggest a weak trajectory. Because all at-
tributes measured in our reference marsh showed inter-
annual variability, we relativized the data by express-
ing values in the constructed marsh as a proportion of
those in the natural marsh (Fig. 3). Curves fit to the rela-
tivized data did not match hypothetical paths (Fig. 1),
and the fit of linear equations to these data (suggested
by Fig. 1B) was poor (r? < 0.35 for all four linear regres-
sions). Soil OM increased early and quickly reached a
plateau. If we assume a linear relationship for the as-
ymptotic increase in soil OM, we predict that it will be
22 years before the sites are equivalent; an exponential
equation fits the data better than the linear model, how-
ever, with an asymptote at 73% of natural marsh condi-
tions. The curve for sediment TKN inclines slightly, but
extrapolation indicates that it will take more than 40
years to intercept levels in reference marshes.

Third, even where an incline is indicated, the target
will not be intercepted in the short term. The sandy,
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Figure 3. Relativized (constructed /natural) values for at-
tributes in Figure 2. Regressions were as follows: total
Kjeldahl nitrogen of soil (filled diamonds): y = 0.438 + 0.013 *
years (r2 = 0.35); soil organic matter (filled squares): y = 0.73 *
(1 — 7061 * years) (42 = (0.98; corrected r?> = 0.59), linear regres-
sion line, y = 0.520 + 0.021 * years (1> = 0.27), not shown;
cordgrass total stem length (open circles): y = 0.599 — 0.008 *
years (r> = 0.035); cordgrass stems >90 cm (open triangles):

y = 0.219 — 0.021 * years (12 = 0.26); where y = the relativized
score for each parameter.

dredge-spoil sediment fails to supply or retain nitrogen
(Langis et al. 1991). Our findings of slow nutrient accu-
mulation corroborate spatial patterns in nitrogen accu-
mulation among marshes of different age in North
Carolina (Craft et al. 1988).

Finally, although we can calculate an expected time
for equivalency with reference sites, this is unwise for
ecosystems that are highly responsive to pulsed events
(Odum et al. 1995). Year-to-year differences can occur
in either the rate of change (faster or slower) or its direc-
tion (toward or away from the target): for example, 10
cm of accumulated sediments can shift tidal marsh
composition to a different assemblage of plant species.
Where there is high interannual variability, the time to
functional replacement should not be extrapolated from
short-term observations.

Discussion

We conclude from our long-term study that the con-
structed marsh has not met agency expectations for
compliance with mitigation criteria for the endangered
Light-footed Clapper Rail within the short term (i.e., the
usual 5-10 monitoring framework of regulatory agen-
cies), and we predict that the constructed marsh soil
will not match that of natural wetlands in the long term
(regression analysis predicted equivalency in TKN lev-
els after more than 40 years; OM leveled off at 75% of
the target). A Pennsylvania study of 44 wetland restora-
tion projects aged 1-8 years also failed to identify pro-
gressive change in soil organic matter (Bishel-Machung
et al. 1996). Minello and Webb (1997) assessed 10 cre-
ated salt marshes ranging from 3 to 15 years old; sedi-
ment macro-organic matter increased over time, but age
explained only 9% of the variability. In our research,
two vegetation attributes, total stem length and the
density of tall stems, declined in relation to the refer-
ence site, and we predict that the canopy will not be-
come suitable for nesting by the endangered Light-
footed Clapper Rail. This bird has yet to nest in marshes
constructed from dredge spoil.

We disagree with Aronson and Le Floc’h (1996:385)
that “any and all changes an ecosystem undergoes in a
given period of time can be seen in comprising a trajec-
tory” and that “trajectory seems a useful term for de-
scribing what happens to an ecosystem undergoing
ecological restoration or rehabilitation.” The assump-
tion that much will be achieved rapidly is not appropri-
ate for highly modified sites. To date, time frames for
ecosystem replacement have been based on spatial
comparisons (e.g., constructed wetlands of differing
age) from only a few habitat types (e.g., systems domi-
nated by nonwoody vegetation). Reconstruction times
for old-growth forests and their soil properties are un-
known. Even for herbaceous wetlands, we would ex-
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pect functional replacement within 5-10 years only for
low-stress systems (e.g., cattail marshes with substan-
tial nutrient input). Species-rich systems, or those with
special water-quality requirements (e.g., fens) are likely
to take much longer, if functional equivalency can be
achieved. With better predictions of development times
(20-100 years), regulatory agencies could specify more
realistic standards for ecosystem replacement, and miti-
gators could better plan the nature and length of their
mitigation projects. Because the time scales for ecosys-
tem development often extend beyond those acceptable
to mitigators, regulators should always strive to pre-
vent damages to critical ecosystems rather than to per-
mit losses and hope for compensation.

Because mitigation sites are often located in urban ar-
eas, several factors—initial conditions, modified hy-
drology, exotic species invasions, effects of feral ani-
mals—are likely to interfere with ecosystem- and
community-development trends. Resource managers
who must set standards for mitigating damages to wet-
lands and endangered species need a new paradigm for
sites in highly stressed environments and guidelines for
deciding what to do if criteria are unlikely to be met.

We suggest that mitigation policy include recognition
that (1) compensation sites may never fully replace nat-
ural wetland functions, (2) the time to functional equiv-
alency may well exceed the usual monitoring periods,
and (3) long-term predictions of the time to functional
equivalency may not be meaningful if they are based on
short-term data from pulse-driven ecosystems. Where
functional replacement is unlikely, either the permit for
the proposed damages should be denied or mitigation
ratios should be adjusted in relation to the maximum
relativized value (Fig. 3) that a mitigation site is ex-
pected to attain in the short term. At present, compen-
sation ratios range from below 1:1 to replace highly de-
graded habitat to as high as 10:1 to compensate
damages to mature wetland replaced by creating wet-
land of unknown potential. Higher ratios should be-
come standard for replacing ecosystems that require
longer development periods or that have not been re-
placed in previous restoration efforts. While the general
goal of matching the structure and function of the im-
pact site or a suitable reference wetland is easy to state,
the reality is that ecosystem development may proceed
along complex paths that are difficult or impossible to
predict, given the shortcomings of restoration sites.

Some restoration sites or ecosystem-development at-
tributes may follow trajectories. Smooth and rapid
change may be expected for restoration projects in land-
scapes that are more intact and where damages are less
severe (National Research Council 1992). The restora-
tion of a river that has been temporarily diverted may
progress steadily as seed banks regenerate and animals
gradually return (Cummins & Dahm 1995). Mitigation

projects in the most degraded sites (e.g., urban habitats)
with the most difficult targets (e.g., support for endan-
gered species) and with a high degree of environmental
pulsing are less likely to proceed smoothly toward re-
placement of the habitat values of natural wetlands. To
assess the generality of our conclusion, we recommend
studies of ecosystem development in a variety of less-
degraded landscapes.
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