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Abstract:  This study demonstrates an approach for rapidly collecting quantitative field data on reference
wetland sites and using those data to assess functions (ecological processes) in wetlands. We demonstrate
the hydrogeomorphic (HGM) assessment procedure by identifying ecological functions performed by mineral
soil wet flats, obtaining quantitative field data from 19 wet flats (reference sites) in southeastern North
Carolina, and modeling wetland functions using variables derived from those field data. We chose a subset
of the 19 reference sites to demonstrate how HGM assessment can be used to measure ecosystem functions
before and after a project site is altered and the degree to which ecosystem restoration can compensate for
a reduction in functions caused by a project’s impact.

We also illustrate how HGM assessment can be used to determine the minimum area over which restoration
should be applied to achieve a no-net-loss in function objective. This minimum area can be determined by
dividing the degree to which a function is reduced through project alteration by the degree to which a
function is increased through restoration. The ratio of wetland area restored to wetland area altered by a
project impact (compensatory mitigation ratio) varies among functions and is influenced by (1) the magnitude
to which any given function occurs at a project site both before and after the site is altered, (2) the magnitude
to which any given function occurs at a compensatory mitigation site both before and after restoration is
applied, and (3) the rate at which any given function is restored.
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INTRODUCTION

The hydrogeomorphic (HGM) assessment approach
for measuring wetland functions differs from earlier
assessment approaches in two fundamental ways: it re-
quires that wetlands be classified by hydrologic and
geomorphic properties within a narrowly defined re-
gional subclass (Brinson 1993) and that information
on other wetland sites of the same HGM class (i.e.,
reference wetland sites) be used to develop and cali-
brate standards for assessment (Smith et al. 1995,
Brinson and Rheinhardt 1996).

The HGM assessment procedure was developed to
assess ecosystem functions of a wetland sub-class prior
to project impact or restoration and to estimate the
degree of change in functions after alteration. Critical
assumptions made in applying HGM assessments are
that (1) ecological processes (functions) in relatively
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unaltered wetlands occur at levels that are sustainable
and predictable for any given HGM wetland-type (bar-
ring severe natural perturbations), (2) that these eco-
logical processes are so similar in form and magnitude
within any narrowly defined regional subclass that
they shape biotic and abiotic components in ways
characteristic for the subclass, (3) some of these biotic
and abiotic parameters can be measured in the field
using standard and relatively rapid techniques, and (4)
variables derived from field measurements can be
combined to coarsely model functions of the subclass.
Thus, the assumption is that one can use rapidly mea-
sured field parameters to assess functions rather than
doing so by measuring ecological processes directly
(usually a time-consuming and expensive process).
Assessment of functions using modeled field parame-
ters is possible because model variables and functions
are indexed relative to variables and functions of rel-
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atively unaltered wetlands belonging to the same re-
gional HGM wetland subclass (Brinson et al. 1995,
Smith et al. 1995).

The HGM assessment method was developed for
use in determining compliance with Section 404(b)(1)
guidelines of the Clean Water Act (40 CFR 230), in-
cluding alternatives analysis and wetland mitigation
(avoidance, minimization, and compensation). This
functional assessment approach is not intended to su-
persede the 404 public review process; it was devel-
oped as a tool for providing information for use in
public review decision-making. If appropriately mod-
ified, this assessment technique could also be used to
assess the relative condition of any ecosystem because
it relies on relatively intact, natural ecosystems for de-
fining standards.

This study demonstrates the HGM assessment ap-
proach for rapidly collecting quantitative field data on
reference wetland sites and using those data to assess
functions in wetlands. It does not provide reliable ref-
erence standards for assessing or regulating wetlands
in North Carolina or elsewhere; to determine the nat-
ural variation of relatively unaltered sites, more data
are needed than we used to demonstrate the assess-
ment procedure. Therefore, within this limitation, our
objectives were to (1) identify ecological functions
generally attributed to forested, mineral soil wet flats
in North Carolina, (2) develop procedures to rapidly
measure field parameters that are attributes of func-
tions performed by such flats, (3) locate and quanti-
tatively characterize reference sites representing a
range of relatively unaltered and altered conditions
typical of wet flats in southeastern North Carolina,
(4) assess changes in ecological functions expected to
occur under a hypothetical alteration of one of the
reference sites, and (5) predict the potential effects
that two restoration alternatives could have on re-
storing altered functions.

This paper is divided into two parts. Part 1 estab-
lishes reference wetland conditions for mineral soil
wet flats. It provides the historic and biogeographic
context for wet flats in the southeastern United States,
outlines methods used to obtain data on reference
sites in North Carolina, provides field data on those
reference sites, and relates reference sites to one an-
other.

Part Il defines functions, provides rationale for
modeling functions with field variables, calculates
reference standards for model variables, illustrates
how function models and reference standards can be
used to assess restoration alternatives, and deter-
mines compensatory mitigation ratios (wetland area
restored to wetland area altered by a project impact)
required to achieve a no-net-loss in function objec-
tive.

PART 1. ESTABLISHING REFERENCE
CONDITIONS

Classification: Historic and Geomorphic Setting

This study was conducted in Carteret, Craven, and
Onslow Counties in southeastern North Carolina, USA
in the vicinity of 35° north latitude and 77° west lon-
gitude. The southeastern North Carolina coastal plain,
east of the Suffolk Scarp, is underlain by an extensive
Pleistocene marine terrace that is flat and poorly
drained. Seasonal saturation has led to the formation
of hydric soils and extensive wetlands. Except for flats
adjacent to coastal embayments where sea level di-
rectly influences the water table, most wet flats receive
precipitation as their sole source of water and lose wa-
ter by evapotranspiration, overland flow, and gradual,
year-round seepage to the underlying aquifer (Heath
1975, Skaggs et al. 1980, Daniel 1981). Soils of wet
flats range from histosol to mineral. Organic soil flats,
overlain with peat, generally support pocosin or “‘bay”
vegetation (dominated by ericaceous shrubs), while
poorly drained mineral soil flats generally support
trees.

Prior to the arrival of European colonists, vast areas
of the southeastern coastal plain were subjected to fre-
quent fire. Fires were caused by lightning (Komarek
1964, 1974) and by indigenous people to improve hab-
itat for game (Bartram 1791, Ware et al. 1993). Be-
cause extensive areas of the lower (outer) coastal plain
are so flat, one lightning strike could initiate a burn
over vast areas of the landscape (Ware et al. 1993),
including both wet flats and adjacent upland flatwoods.
Thus, the only areas immune to frequent fire were
small areas isolated by open water or by soils saturated
for long periods (such as pocosins, stream bottom
swamps, and marshes). Fire was much less frequent in
isolated compartments because they were less likely to
be struck by lightning than larger areas (Ware et al.
1993).

Frequent ground fires prevented the accumulation of

fuel and destructive crown fires (Schwarz 1907, Chap-
man 1932, Heinselman 1981, Abrahamson and Har-
nette 1990). These fires also encouraged ground cover
dominance by pyrophytic grasses and forbs and re-
cruitment of longleaf pine (Pinus palustris) and pond
pine (Pinus serotina) while suppressing recruitment of
loblolly pine (Pinus taeda) and hardwoods (Schwarz
1907, Christensen 1981, Platt et al. 1988, Stout and
Marion 1993). Longleaf requires mineral soil for seed
germination (Chapman 1932, Christensen 1977), and
pond pine tends to release large quantities of seeds
following scorching of its cones by fire (Crutchfield
and Trew 1961, Burns and Honkala 1990). Both spe-
cies are relatively resistant to frequent, low intensity
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compass direction and oriented at 120° from one an-
other relative to the center point. Daty from each of
the three sampled locationg were later pooled for each
site.

At each of three sample locations per site, the fol-
lowing data were collected: (1) basal area (m’ per ha
Cross-sectional area at 1.5 m above ground) of trees,
by species, greater than 10 cm dbh using the Bitterlich
plotiess technique (Grosenbaugh 1952, Lindsey et al.
1958), (2) number of canopy trees. by species, greater
than 10 ¢m dbh (diameter at 1.5 m above ground)
within a 10-m radius of each Bitterlich point, (3) num-
ber of standing dead stems (snags) greater than 10 cm
dbh within a 10-m radius of each Bitterlich point, (4)
number of subcanopy trees and shrubs (by species)
greater than 1 m tall, but Jess than 10 ¢cm dbh, located
within a 5-m radius of each Bitterlich point, and (5)
lengths and numbers of course woody debris (CWD),
defined as dead stems greater than 10-cm diameter,
prostrate or leaning more than 45° and located within

a 10-m radius of each Bitterlich point.

Canopy species were defined as trees capable of

dominating the canopy, such as loblolly pine, longleaf
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pine, and red maple (Acer rubrum), while subcanopy
species were defined as woody life-forms generally re-
stricted to the understory and shrub layer, such as fet-
ter-bush (Lyonia lucida), titi (Cvrilla racemiflora), and
red bay (Persea borbonia). Taxonomic nomenclature
follows Radford et al. (1968), except that Nvssa syl-
vatica var. sylvatica and Nyssa sylvatica var. biflora
are herein referred to as Nyssa svlvatica and Nyssd
biflora, respectively.

At each of the three Bitterlich points, three 5-m-long
transects were established, each of which radiated out-
ward from the three Bitterlich points and were oriented
at 120° from one another. Thickness of litter layer and
relative elevation (using a stadia rod and hand level)
were measured at each 0.5-m interval along the three
transects (10 points per transect X 3 transects per sam-
ple point X 3 sample points per site = 90 measure-
ments per site). Two 1-m” quadrats were placed along
each transect between the 2 and 3 m position and the
4 and 5 m position. For each quadrat (18 per site), we
recorded percent cover tor each of the following cat-
egories: (1) graminoids, (2) forbs (non-graminoid her-
baceous plants), and (3) subcanopy and canopy seed-
lings less than 1 m tall. Percent cover was estimated
as the midpoint of one of eight cover classes (modified
from Daubenmire 1968): 0% (0%), 2.5% (0=5%), 15%
(5-25%), 37.5% (25-50%), 67.5% (50-75%), 85%
(75-95%). 97.5% (95-100%), 100% (100%).

Analysis of Reference Wetland Data

Measured field parameters and units of measure-
ment are defined in Table 1. Counts of stems were
converted to absolute density and presented in num-
bers per hectare. Relative basal area and relative den-
sity were calculated for each canopy species and av-
eraged to obtain importance values, by species. Rela-
tive density and relative frequency of occurrence were
averaged for subcanopy species to obtain importance
values, by speuics. Importance values for canopy and
subcanopy were combined for cach site and used to
construct an ordination diagram using Detrended Cor-
respondence Analysis (DCA) (Hill 1979, Hill and
Gauch 1980), with CANOQOCO software developed by
Ter Braak (1988). CANOCO was also used to con-
struct environmental biplots for the ordination. We
used the DCA algorithm, rather than a direct ordina-
tion technique, because we did not want the ordination
to be constrained by the parameters we measured.
Rather, our objective was to assess how the measured
field parameters were related to intrinsic differences in
vegetation among sites.

Microtopographic complexity for each site was cal-
culated by (1) subtracting the lowest elevation mea-
sured in each transect (30 per transect) from all other
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Table 1. Field parameters measured in wet flats. Measure-
ments provided in Table 3. Variables used to model functions
were derived from these field parameters.

e

Vari-
able Definition

Vet Lack of ditches near (<50 m) and within assess-
ment site

Ve  Percent cover of graminoids

V,own ~ Percent cover of forb (non-graminoid herbs)

Ve Total basal area (m® ha ') for all trees > 10 cm
dbh

Vinen Density (stems/ha) of canopy trees > 10 ¢m dbh

Vinia Average trec diameter (m)

Vi Density (stems/ha) of subcanopy > | m tall and
< 10 cm dbh

Vi Percent cover of trees and shrubs < 1 m tall

Vaiox Microtopographic complexity (measured as vari-
ance in elevation divided by mean elevation, n
= 90)

Vik Depth of litter layer (cm), n = 90

Vune  Density (stems/ha) of standing dead stems > 10
cm diameter

Vewn Volume (cm'/ha) of coarse woody debris > 10 cm
diameter
Vv,  Sorensen similarity index of canopy Importance

Values (average of relative basal arca and rela-
tive density of trees > 10 cm dbh)

Voo Sorensen similarity index of subcanopy Impor-
tance Values (average of relative density and
relative frequency ol occurrence for subcanopy
species = I m tall and < 10 cm dbh)

elevation measurements within the transect (thus, zero
was assigned to the lowest elevation in each transect)
and (2) dividing the pooled variance in elevation for
each of the 9 transects by the mean elevation of the
site.

Relationship Among Reference Wetlands

The 19 reference sites [or wel flaty were classified
into four forest cover-types (Table 2): natural pine (3
sites), loblolly pine plantation (6 sites), pine-hardwood
(6 sites), and hardwood (4 sites). Field measurements
used to establish reference standards and derive model
variables for assessing functions are summarized in
Table 3.

The DCA ordination separated wet hardwood flats
to the right side of the ordination diagram and natural
wet pine flats to the left side (Figure 1). These repre-
sent the two seral endpoints possible for mineral soil
wet flats: tire-maintained Pillc savanna dominated by
longleaf or pond pine and fire-suppressed, and closed
canopy forest dominated by admixtures of hardwoods.

Ordination biplot arrows, which depict the direction
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range of conditions exhibited by unaltered wet flats;
such data would also enable us to sub-classify pine
flats by wetnegs regime using vegetation. For example,
sites with mostly pond pine or pond pine and bald
cypress (Taxodium distichum) could be classified (with
enough data) separately from sites with mostly long-
leat” and sparse pond pine (site 10). With such data,
Separate reference standards could be determined for
each subclass.

The canopy of site 10 is overwhelmingly dominated
by longleaf pine (IV = 68.9). Pond pine (IV = 17.6),
loblolly pine (IV = 8.9), and red maple (IV = 4.4y
contribute 1o the remainder of canopy composition,
The ~parse and patchy woody understory of site 10 1s

12.
14_1.8). The herbye
rpmoids (Cover = 66.8%)
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Pme plantation with an understory dominated by pep-
perbush, blueberry, and wax myrtle (Mvricy ceriferq,

Sites enclosed by the dotted line on the right side
of the ordination (Figure 1) represent the composition
and sijte characteristicy of ‘matyre hardwood stands
found onp mineral soj) wet flats where fire has been
excluded. Long-term fire exclusion may allow soils 1o
dccumulate high level of organic Mmatter, which woul(
€ncourage higher sojj Mmoisture, resistance to ground
fires, and turther organic matter accumulation. Thuys,
long-term fire suppression and protection from distyr-
bance may stimulate g positive feedback loop that en-
courages wet flats to switch trom pine to hardwood
dominance (Streng and Harcombe 1982).

Hardwood stands in the reference data are dominat-
ed by a mixture of hardwood species, including ash
(Fraxinus SPP-), swamp chestnut oak (Quercus mij.
chauxir), Swamp  tupelo (Nyssq biflora), Sweetgum
(Liguidambar Styraciflua), laurel ogk (Q. laurifolia),
tulip poplar (Liriodendron tulipifera), and red maple
(Table 2). The underst()ry of wet hardwood flats is
comprised of red bay, American holly (Jlex opaca),
leucothoe (Leucothoe axillaris), and ironwood (Car-
pinus caroliniana).

Stands in the middje of the ordination are altered,
managed, or naturally succeeding towards one of the
two reference standard conditions. Altered sites sam-
pled in this study included mid-successional wet pine-
hardwood flats (sites 7,13, 14,15, 17), recently logg.ed
sites (sites 6, 12), fire-suppressed wet savanna (site
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Table 2. lmportance values for canopy and subcanopy vegetation of reference sites. Stand 10 represents reference conditions
for intact wet pine flats and stands 11, 18, and 19 for hardwood flats. Stands 2 and 5 (young pine plantations) had no canopy
rees >10 cm dbh. Site 20 (an agricultural field) had no vegetation.

Natural Pine Flatwoods Loblolly Pine Plantations
7

4 5 8 3 1

Basal Area (m* ha ') 15 ] 25 0 15 5 21 26
Density (no. ha D) 244 360 318 0 1,198 0 286 254 753 519

Pinus palustris Miller 68.9 — — — — — — — — —
Pinus serotind Michaux 17.6 333 933 — — — — - — —
Pinus taeda L. 8.9 49.9 — 1000 1000 934 1000 443 808 56.5
Acer rubrum L. 4.4 16.8 — — — 6.6 . 443 238 17.6
Liquidamdar styraciflua L. 113 113 212
Prunus serotina Ehrhart — — — — — — — — 1.0
Taxodium distichum (L)) Richard — 33
Nvssa sylvaticd Walter — — 67 — — — —
Fraxinus spp- Ash —

Magnolia virginiana L. — — — — —
Nyssa biflora Walter — — — — —

Quercus Jaurifolia Michaux — - — —— — — — — — —
Quercus michauxii Nuttall — — —
Quercus nigra L. — — —
Gordonia lasianthus (L) Ellis — —_ —
Quercus phellos L. — —
Liriodendron wlipifera L. — —

Fagus grandifolia Ehrhart — - — — — —_ — — — —
Ulmus ribra Muhl. — — - —

SUBCANOPY
Density (stems ha D) 12,550 11,702 636 6,963 2,586 18.402 13,314 7.632 127 3,165

Jlex glabra (L.) Gray 21.8 19.2 — 8.9 — 63.9 13.1 32.0 —_
Gordonia jasianthus (L) Ellis 21.6 4.8 — — — — 5.7 . 5838 —
Vaccinium sp. L. 14.8 7.0 117 — — 11.6 — — —
Lyonid lucida (Lam.) K. Koch 12.1 20.1 — 10.5 — 10.2 5.7 —
Rhus copallina L. 83 — — 16.2 —_— — — — — —
Persea borbonid Miller 6.0 112 147 8.7 86.7 10.4 73 10.6 — 50.7
Muagnolia virginiana L. 4.3 8.8 417 6.8 13.3 5.1 34 5.4
Myrica heterophylla Raf. 37 — — — — — — 9.7 — —
Gaylussa('ia baccata (Wang) K. Koch 3.7 — —_ —_ — — _— — — —
Ilex coriacede (Pursh) Chapman 3.5 5.6 — 33 — — — — — 5.8
Clethra alnifolia L. — 11.1 - 5.9 — 38.6 6.9 — -
Cvrilla racemiflora L. — 5.8 — 18.6
Baccharis halimifolia L. — 34 — 2. —_— — — — - i
Svmplocus tinctoria (L.) L' Her. — 2.1 200 2.7 — — — _— -
Myrica ceriferd L. — 0.7 — — — 5.1 130 106 — 4.5
Vaccinium arboreum Marshall — — 150 — — — — - -
Rubus spp- L. — — —_— 15.3 —_— — — - - -
Vaccinium corymbosum L. —_ —_— — — —_ 5.1
llex opaca Aiton — — — — — —
Vaccinium stamineut L. — — _

Jlex decidua Walter — —_ — — — — — _
Leucothoe axillarts (Lam.) D. Don — — —_ — —_ — — —
Ligustrum sinense Lour — —

Sabal minor (Jacquin) Persoon — — — —_ —_ — — _ — _—
Cornus stricta Lam. — — — —

Carpinus caroliniana Walter — — — —_ — — — —_— —
Oxvdendrum arboreum (L) DC. — — — —
Callicarpa americand L. — — — —_
Aralia spinulosa L. — — — — — — — — —
Viburnum nudum L. p— - _ _
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Table 2. Extended.

Pine-Hardwood Flats Hardwood Flats PCC

15 12 13 14 17 11 19 18 16 20
32 3 26 20 31 18 23 27 25 0
784 233 689 509 763 403 572 435 562 0
54.9 28.2 15.8 31.8 25.2 13.7 _— — 10.7 —
37.8 48.2 20.2 1.0 32 1.3 31.5 25.6 25.6 —
4.1 14.5 — 16.9 0.7 13.9 10.9 17.0 16.3 —
3.0 9.1 56.3 — 70.2 — — — 39.3 —
— — - 7.6 — 20.5 11.4 2.4 — —
— — 7.4 — — — 1.5 1.5 5.1 —
— — 4.2 — 14.0 24.5 19.5 — —
— — — 7.2 — 6.3 8.1 — 0.9 —
— — — 3.8 — 16.0 10.1 2.4 — —
— — —_— 214 — — 0.9 —_ 1.9 —
— —_ — 1.1 —_ — — — — —
— — — 3.8 — — — — — —
- — -— 1.7 — 5.8 -— 353 — -—
_ _ — . . 8.1 _ _ \ -
— — — — — —_— 0.9 0.9 —
551 7,208 9,794 1,950 424 886 3,307 1,781 10,048 0
— 18.4 — — — — — — 7.7 —
— — —_— 12.3 — — — — — —
10.4 15.3 22.8 — 134 - -— — 21.9 —
354 7.9 13.5 13.2 18.3 32.1 28.9 25.5 6.9 —
18.7 10.6 9.5 — 28.3 - 4.8 — 5.7 —
_ _ _ _ _ _ 5.7 ‘ .
— — 27.8 7.8 — —_ 20.6 — — —
10.4 — — — — — — — —
— — 6.1 — — -— — -— 15.7 —
— 32 — — — — — — —
14.6 4.3 — — — — 5.4 16.1 2.0 -—
— 17.3 — 11.1 134 — — — 7.7 —
— 5.0 — — — — — — — —
10.4 55 13.2 — — 6.0 — 6.9 —
— 9.8 24.3 13.4 23.8 159 114 17.4 —
__ 4.6 . . . _ __ . _ _
— 10.2 5.6 — 15.5 7.3 13.8 2.2 —
— — — 5.6 — — 4.5 —
—_ — — 6.7 — — — — — —
— — — — 134 — — — — —
— — —_ - 28.5 54 — —
— — — — - — 5.4 4.5 3.7 —
— — — — — — -— 13.8 — —
— — - — — — — 4.5 — —
— — — — — — — — 4.3 _
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Table 3. Model variables derived from field measurements. Reference standards for wet pine flats obtained from site 10, the
only unaltered wet pine flat located in the study area. Site 20 is based on characteristics of agricultural fields (prior-converted
cropland). Table 1 provides abbreviations for model variables.

Slte Agc VI)IT(' V(}R AM VI‘(\RH V I'REE VT[)}‘,N VI'[)]‘\ VSI‘H(' V.\I)I.(} vM[('R VI 1R V\Nr\(v V( W)
1 26 0.5 52.4 344 21.3 753 0.19 127 15.4 4.49 2.8 212.0 0.62
2 5 0.1 69.0 20.5 0.0 0 0.00 6,963 34.0 6.60 2.9 0.0 0.00
3 11 0.1 64.0 5.7 4.7 254 0.15 7.632 17.8 21.25 4.5 0.0 0.00
4 12 0.1 5.7 55.2 24.7 1.198 0.16 2,586 39 8.33 9.3 0.0 0.85
5 26 0.5 0.0 2.8 0.0 0 0.22 18,402 122 4.17 13.1 0.0 1.77
6 10 0.5 62.1 42.9 6.7 318 0.16 636 9.6 5.89 0.5 0.0 0.00
7 60 1.0 38.1 433 26.0 519 0.25 3,165 15.1 6.52  10.2 0.0 6.92
8 50 0.5 4.7 0.0 14.6 286 0.25 13.313 43.6 2.53 5.9 0.0 0.00
9 60 1.0 0.0 6.0 16.7 360 0.24 11,702 51.4 3.53 6.4 424 0.00

10 60 1.0 66.8 33.3 14.7 244 0.28 12,550 60.3 2.48 5.7 8.0 2.07
11 64 1.0 17.0 52.0 18.0 403 0.24 886 22.5 4.86 6.1 169.6 5.52
12 5 0.1 584 37.5 33 233 0.13 7.208 26.6 4.63 2.6 84 .8 9.52
13 50 0.5 0.0 8.4 26.7 689 0.22 9,794 28.8 6.84 9.0 0.0 7.07
14 50 0.5 15.0 14.6 20.0 509 0.22 1.950 17.8 3.96 8.6 84.8 0.00
15 50 0.5 48.7 6.0 32.0 784 0.23 551 17.5 6.86  20.1 84.8 8.10
16 35 1.0 11.4 5.6 20.3 560 0.26 10,048 15.1 840 1.1 0.0 4.60
17 46 0.5 2.8 249 30.7 763 0.23 424 1.9 316 4.7 127.2 0.00
18 118 0.5 11.7 60.0 28.0 435 0.29 1,781 26.0 6.08 6.0 84.8 1.35
19 67 1.0 2.8 41.3 22.7 572 0.22 3,307 21.8 6.35 59 424 312

20 0 0.0 0.0 0.0 0.0 0 0.00 0 0.0 0.00 0.0 0.0 0.00

Ordination of wei pine flats (vegetation only)
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Figure 1. Ordination of vegetation on mineral soil flats based on Importance Values of canopy and subcanopy species. Biplot

arrows illustrate relative strengths of environmental gradients. Variables defined in Table 1.
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9), and managed pine plantations (sites 1, 3, 4, 5, 8).
Pine plantations are managed for loblolly pine, some
more intensively than others. Wet pine-hardwood flats
are stands in various stages of secondary succession:
they support admixtures of loblolly pine and hard-
woods (mostly red maple and sweetgum).

PART II: ASSESSING, MITIGATING, AND
RESTORING WETLAND FUNCTIONS

Functions are defined by Smith et al. (1995) as “‘the
normal or characteristic activities that take place in
wetland ecosystems or simply the things wetlands do.™
One goal of functional assessment is to determine how
well a wetland is doing. This can only be done if one
knows what a given wetland is capable of doing or
how it functions under relatively unaltered conditions.
HGM assessment assumes that hydrogeomorphic and
regional edaphic-climatic constraints determine natural
variation, while human-induced alterations induce a
form of variation that should be captured by the as-
sessment method.

To reduce the amount of natural variability that has
to be considered in assessment, the HGM procedure
separates (classifies) wetlands by regional sub-class.
Then a wetland’s potential is determined from refer-
ence data from relatively unaltered sites within its re-
gional wetland subclass (background presented in Part
I). General information about unaltered conditions and
locations of relatively unaltered sites are obtained from
scientific literature and from ecologists familiar with
regional variability of the subclass. HGM assessments
rely on knowledge about unaltered conditions because
the degree of functioning is expressed relative to intact
wetlands of the same limited regional subclass. Degree
of functioning is determined from both site data and
the structure of function models.

Function models used in HGM assessment are
coarse logic statements that portray general ecological
processes or conditions; they should not be confused
with sophisticated models depicting ecological rates
and fates of nutrients and energy (Brinson and Rhein-
hardt 1996). The HGM assessment method was de-
signed to be a rapid technique for use in the regulatory
arena where lack of sufficient time, money, and per-
sonnel limit the application of more sophisticated pro-
cedures. Fortunately, wetlands possess numerous bi-
otic and abiotic parameters that can be measured rap-
idly and can be used to model functions using coarse
logic models.

For simplicity of illustrating the application of func-
tional assessment, we focus only on pine-dominated,
mineral soil wet flats. Because both relatively unalter-
ed pine and mature wet hardwood flats are relatively
rare, they both warrant consideration for restoration in

the southeastern U.S. coastal plain. With modifications
and much additional data, we expect our reference data
set to provide a starting point for expansion to more
extensive regions of the coastal plain where climatic
conditions and edaphic features are similar (i.e., South
Carolina to east Texas). More geographically extensive
sampling will be required to support or refute this
opinion.

Identifying and Modeling Functions

Field measurements collected at each site show dif-
ferences in biotic and abiotic characteristics among
sites (Table 3). We used these field measurements to
produce model variables. Some model variables were
used to model several functions. Their form was re-
tained for all functions to which they were applied, but
the rationale for using them differed among functions.
Rationale for using each variable is explained below
when defining functions and their models.

Scaling for model variables was continuous, except
for cases where continuous measurements were not
possible. A simple linear relationship for model vari-
ables was assumed because we could not justify a
more sophisticated curvilinear relationship without ad-
€quate supporting data. For example, if the reference
standard condition for tree basal area were 16 m-/ha,
a site with 8 m*/ha would score 0.5 while a site with
4 m*/ha would score 0.25. Had we obtained a larger
data set of intact sites, natural variation of reference
standard sites could have been used to scale the mod-
els, thus allowing a range of basal areas (e.g., 14-20
m‘/ha) that could be scaled to 1.0,

Instead, model variables from the one relatively un-
altered wet pine flat in our reference set (site 10) were
defined to be reference standards and indexed to 1.0.
Model variables from assessment sites were then nor-
malized relative to those of site 10, thus scoring be-
tween zero and 1.0. In most cases, model variables that
scored higher than 1.0 after normalization were re-
duced to 1.0 or less, the assumption being that a higher
level of any given function or model variable is not
sustainable in natural, relatively unaltered wetlands
without negatively affecting other functions (Brinson
and Rheinhardt 1996). For plant density-related vari-
ables, indices that scored considerably higher than 1.0
after initial normalization were considered to be so
detrimental to the expression of their associated func-
tions that their indices were automatically reduced to
0.5.

Model variables were applied to model functions as
defined by the mathematical formula developed for
each function. By definition, each function was in-
dexed to 1.0 for the reference standard and between
zero and 1.0 for assessed sites. The actual relationship
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between model variables and functions has not been
tested specifically for wet pine flats or any wetland.
Therefore, we applied general knowledge about eco-
system structure and function to provide our basis for
modeling functions. Also, functions were not weighted
in importance relative to one another or to any pre-
conceived notion. Such weighting would require an
assignment of societal value, which must take place
within regulatory and policy arenas.

We identified four functions performed by mineral
soil, wet pine flats: (1) Maintain Characteristic Hydro-
logic Regime, (2) Maintain Characteristic Nutrient and
Elemental Cycling Processes, (3) Maintain Character-
istic Plant Community, and (4) Maintain Characteristic
Physiognomic Structure. For each function, we pro-
vide its definition, describe on-site and off-site effects
of the function, list processes that control the function,
provide rationale for choosing specific field measure-
ments that we used to represent those processes and
model the function, and justify our approach for the
way we structured model variables to estimate func-
tions.

Our models could be improved in a variety of ways,
ranging from more quantitatively scaling field mea-
surements to adjusting the relative importance of each
model variable based upon appropriate data. Both are
needed to justify a more sophisticated modeling of
functions. However, achieving higher levels of sophis-
tication and resolution must be balanced with practical
considerations for a rapid approach that meets the
needs of the regulatory end-user.

Functions

(1) Maintain Characteristic Hvdrologic Regime. This
hydrologic function represents the capacity of an eco-
system to maintain hydrologic processes characteristic
of relatively unaltered wet pine flats, including evapo-
transpiration (ET), long and short-term surface water
storage, and subsurface storage. Precipitation and flow
from adjacent areas (surface and subsurface) are the
only sources of water to wet pine flats. Outputs are
restricted to ET, surface and subsurface lateral flow,
and minor downward seepage to ground-water. Water
is stored in vegetation, in small-scale depressions as-
sociated with variations in microtopographic relief
(hummocks, depressions, and other irregularities of
less than 0.25 m relief), and below ground.

On-site effects of this function include supporting
conditions favorable for biogeochemical processes that
require anoxic conditions (oxidation and reduction re-
actions), maintaining wetland vegetation, and provid-
ing fire-breaks during wet periods (Schwarz 1907).
Off-site effects include maintaining regional water
quality, recharging surficial aquifers, sustaining base

flow to streams, and delaying and reducing discharge
peaks to riparian areas draining wet flats. For some
wet flats, downstream sites are primary nursery areas
for fish and shellfish (Brinson 1991).

A direct way to assess hydrologic regime is to mon-
itor shallow ground-water wells and compare hydro-
graphs with those of relatively unaitered sites. How-
ever, long-term hydrologic monitoring is not feasible
in most regulatory situations. An alternative way to
assess hydrologic regime is to measure field parame-
ters that indicate the degree of hydrologic functioning
and compare (index) those parameters with relatively
unaltered wet flats.

The presence of canopy and subcanopy vegetation
indicates that transpiration is occurring. Since basal
area of canopy trees is rapidly measured and is roughly
proportional to tree leaf area available for transpiration
(Barbour et al. 1980), we used total tree basal area
(Vi) to indicate transpiration potential of trees rel-
ative to the relatively unaltered wet pine flat. By com-
paring basal area (and by inference, transpiration) rel-
ative to the unaltered site, we assessed sites relative to
a characteristic transpiration rate for the unaltered con-
dition, rather than choosing the highest or lowest po-
tential for water loss in defining standards. Likewise,
since density of subcanopy stems is an indirect indi-
cation of subcanopy leaf area available for transpira-
tion, we used total density of subcanopy stems (V)
to assess subcanopy transpiration relative to transpi-
ration in the unaltered wet pine flat. However. an index
score of 0.5 was assigned to sites with a density greater
than 125% of the relatively unaltered pine flat. The
reasoning for scaling down high densities was that
considerably higher densities would subject a site to
higher rates of transpiration than the relatively unal-
tered pine flat and thus alter the hydrologic regime
relative to its characteristic condition.

The presence of microtopographic relief indicates
that surface water can be held on site. Microtopo-
graphic variation contributes to the capacity of a site
to retain surface water in small depressions. Low areas
surrounded by slightly higher elevations impede over-
land flow of water away from a site. Therefore, mi-
crotopographic complexity (V) was assessed rela-
tive to complexity measured in the unaltered pine flat.

An absence of ditches indicates that water is not
being artificially removed from a site. We assumed that
normal lateral surface and subsurface flow are intact
if ditches capable of removing water from a site are
absent. By more rapidly transporting water to creeks,
ditches reduce the duration of short-term storage of
water and reduce water availability to vegetation and
small depressions. Assessment sites without ditches
(Vo) were assigned an index score of 1.0 because
relatively unaltered wet pine flats lacked ditches. Sites
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without ditches within their assessment area, but pres-
ent within 50 m and capable of removing water, re-
ceived an index score of 0.5 Sites with ditches present
within their assessment area, and capable of removing
water, received an index score of 0.1. While this cat-
egorical assignment of model variables is used as a
first approximation, in reality, the index for the model
variable would be a continuum ranging from the ref-
erence standard (Index = 1.0) to absent (Index = 0.0)
in sites that have been intensively drained. More in-
formation on ditch density and soil drainage capacity
effects on water remova] under varying conditions of
soil type and vegetation cover in wet pine flats would
be needed to improve our model for this function.

Our model for *Maintain Characteristic Hydrologic
Regime™ ig

Index of Function

(vnu-r +V
3

12
SUIC + le('R
X Vl)[]'(‘

Because the presence of ditches affects the expression
of the three other hydrologic variables, the model of
this function is structured such that the V,,,. variable
is used as a multiplier of the other factors and the
Square root is taken from the resulting product. Thig
makes the index zero if either multiplied term scores
Zero.

(2) Muaintain Characteristic Nutrient and Elemental
Cycling Processes. This function represents the capac-
ity of an ecosystem to maintain nutrient and elemental
cycling processes characteristic of relatively unaltered
wet pine flats. Cycling includes biotic and abiotic pro-
cesses that convert elements from one form to another.
For nutrients to be cycled, both living and dead bio-
mass (which contain organic carbon and nutrients)
must be present. We assumed that living biomass in a
mature forest is relatively stable; i.e.. mature wet pine
flats probably maintain a balance between carbon input
(net primary production) and output (oxidation via fire
and respiration by decomposers). The living carbon
storage compartment represents the capacity of an eco-
system to convert atmospheric carbon dioxide into
above-ground plant biomass, and in the process, in-
corporate other elements into biomass, With similar
reasoning, detritus (litter and humus, fine woody de-
bris, snags, and coarse woody debris) represents the
nutrient pool available for mineralization.

The primary on-site effect of this function is to sup-
ply nutrients required for sustaining living components
of the ecosystem and maintain characteristic rates of
primary production and decomposition. The primary
off-site effect is to provide a reservoir for storing el-
ements and nutrients that may be exported if not in-
ternally cycled.

Cycling processes can be measured directly by trac-
ing transformations of essential elements over seasonal
and meteorological cycles. However, such studies are
time—consuming and require analytical lab support, and
so are clearly outside the bounds of rapid assessment
procedures. An alternative way to assess this function
is to measure field parameters that indicate the degree
to which the function occurs at a site,

Snags and coarse woody debris (CWD) represent
some of the more refractory forms of detritus under-
going decomposition. As decomposition progresses,
these coarse materials are reduced to the fine litter
component (explained below) at the same time they
release elements for uptake by plants. The density of
snags and volume of CWD indicates the relative
amount of coarse organic material available for these
processes. Therefore, snag density (V) and volume
of CWD (V) were assessed relative to the unaltered
pine flat.

Fine litter (leaves, needles, twigs) is mineralized and
fragmented to smaller particles during decomposition.
Litter depth reflects the relative amount of nutrients
available for mineralization. Therefore, mean litter
depth (V,,,,) was assessed relative to the unaltered wet
pine flat. As a consequence of frequent fires, only
Sparse quantities of snags, CWD, and litter occur in
fire-maintained wet pine flats. However, these small
stocks are characteristic of nutrients that have been
previously released (Garren 1943, Christensen 1987).

Living plants assimilate inorganic nutrients and oth-
er elements released by decomposition. Plants from all
Strata (canopy trees, subcanopy trees and shrubs, seed-
lings, herbaceous plants) contribute to this process.
Tree basal area indicates the relative amount nutrients
and elements being Incorporated in tree biomass; sub-
canopy density indicates the amount of biomass being
incorporated in understory shrubs and trees; seedling
cover indicates the amount of biomass being incor-
porated in seedlings: and cover of forbs and grami-
noids indicates the relative amount of biomass incor-
porated in herbaceous plants. Therefore, canopy basal
area (V,,..), subcanopy density (V). seedling cover
(V). and herbaceous cover (Virat T Vi) were
assessed relative to the unaltered pine flat,

Our model for **Maintain Characteristic Nutrient
and Elemental Cycling Processes™ is

Index of Function
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Because we assumed a relative balance between de-
composition and assimilation in mature ecosystems,
the model of this function is structured to first average
living and decomposing nutrient pools and then deter-
mine the average for both compartments.

(3) Maintain Characteristic Plant Community. This
plant community function represents the capacity of
an ecosystem to maintain a plant community that is
characteristic of relatively unaltered wet pine flats.
Characteristic plant community is defined as a spe-
cies composition and structure of strata typical of
unaltered conditions. Regional climate, geomorphic
position, site-specific edaphic factors, competition,
herbivory. disease, disturbance, and chance combine
to control plant-community composition. Sites that
are similar in these respects tend to have similar
composition. Hydrogeomorphic classification is one
way to ensure that sites with the capacity to support
4 similar community are assessed relative to their
potential.

On-site effects include maintaining local diversity
of flora and fauna and providing propagules to nearby
wet pine flats. The primary off-site effect is to help
maintain regional and global diversity of flora and fau-
na. Once extensive, natural wet pine flats are now ex-
tremely rare. As a consequence, they support a re-
markable number of rare and endangered plant and
animal species.

Importance values (IV) are used extensively by
ecologists to characterize plant composition and an-
alyze community structure (Barbour et al. 1980). A
direct comparison of compositional similarity be-
tween an assessed site and the relatively unaltered
wet pine flat would provide direct evidence on
whether the function is occurring in a site. Assessing
composition by stratum provides the most useful
comparison. This is fairly easily done for the canopy
and subcanopy of wet pine flats. However, the her-
baceous stratum of fire-maintained, relatively unal-
tered wet flats is noted for its extremely rich her-
baceous stratum. Sometimes as many as 40 species
of forbs and graminoids inhabit a single 1 m-” plot
(Walker and Peet 1983), and a large number of those
species are graminoids.

The taxonomic expertise required to identity herbs,
particularly graminoids, and their phenological vari-
ability (particularly in flowering and fruiting), prevent
a rapid assessment of herb composition. However, two
more rapidly measured differences in the character of
the herb stratum were noted between altered and rel-
atively unaltered wet flats in our study sites: (1) per-
cent herb cover and species richness are much higher
in relatively unaltered wet pine flats than in altered
flats and (2) the proportion of graminoids to forbs 1s
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higher in relatively unaltered flats than altered sites.
We used these two distinctions to develop the herb
component of our plant community model (outlined
below). For developing a more thorough reference set
throughout the southeast, we would suggest that bio-
geographically focused lists of rare and common spe-
cies be compiled for relatively unaltered flats and that
these lists be used to develop reference standards for
assessing wet flats.

For the plant community function, composition of
canopy and subcanopy strata and average percent cOv-
er for the herbaceous stratum were assessed relative to
relatively unaltered wet pine flats. Importance values
for canopy (V) and subcanopy (V) species were
used to derive a Sorensen Index (Barbour et al. 1980)
for each stratum, weighted by importance value (1V).
Sorensen’s Index is a type of similarity index obtained
by summing 1Vs for each species that is common to
any two sites being compared. In this case, assessed
sites are compared with the relatively unaltered wet
pine flat.

Forb and graminoid cover were measured separately
because the proportion of graminoid cover to forb cov-
er is higher in relatively unaltered wet pine flats than
in altered flats or fire-suppressed sites in our study
area. The invasion of hardwoods in stands protected
from fire and silvicultural management to maximize
pine production reduces light penetration to the forest
floor, which in turn suppresses grasses, and in some
instances, encourages forbs. Therefore, we decided
that a separate estimate of forb and graminoid cover
would be sufficient to detect differences between the
herb stratum of altered and relatively unaltered wet
flats. Therefore, forb cover (V) and graminoid cov-
er (V ) Were assessed relative to relatively unalter-
ed pine flats.

Our mode! for *Maintain Characteristic Plant Com-
munity’” is

Index of Function

V(;R.\M + VH)RI;
V.Wl,(; T T
= Veva + 2

Because canopy composition in wet pine flats is a de-
pendable indicator of the presence or absence of pe-
riodic, low-intensity fire (the main controlling factor
of composition in all strata), the arrangement of model
variables in the function is structured to allocate more
weight to canopy composition. The model also com-
bines graminoids and forbs into an herbaceous com-
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ponent, which is weighted equally with the subcanopy
composition variable.

(4) Maintain Characteristic Physiognomic Structure.
The physiognomic structure function represents the ca-
pacity of an ecosystem to maintain habitat and struc-
tural characteristic typical of relatively unaltered wet
pine flats. Physiognomic structure pertains to physical
or architectural features and not to floral composition
per se, although each influences the other. The number
and types of strata. their heights, and general physical
characteristics of forests have long been known to be
important in affecting the structure and composition of
animal communities (Elton and Miller 1953, MacAr-
thur and MacArthur 1961, Perry 1994). For example,
red-cockaded woodpecker (Picoides borealis Vieillot)
requires forests with tall, living pines and an open
midstory; almost any species of pine is acceptable (in-
cluding loblolly, longleaf pine, and pond pine) in pro-
viding suitable nest cavities (Copeyon 1990), as long
as the midstory is also sparse (Van Balen and Doerr
1978). Shade-intolerant herbs also require a sparse
canopy and understory. Relatively unaltered wet pine
flats are noted for their sparse tree density, relatively
open canopies, dense herb layer, high graminoid cover,
and susceptibility to frequent fire. Many rare plants
and animals adapted to these conditions are restricted
to relatively unaltered wet pine flats. The primary on-
site effects of this function are to provide shelter and
structure for feeding, nesting, and reproductive behav-
ior of animals and essential microclimatic conditions
for characteristic plant species. The primary off-site
effect is to maintain regional and global biodiversity
of flora and fauna. Because relatively unaltered wet
pine flats are so rare, many rare and endangered spe-
cies inhabit these systems.

Canopy basal area in conjunction with canopy tree
density is generally useful in determining maturity and
canopy structure of a forest; older stands (under similar
climatic and edaphic constraints) generally possess a
higher basal area and lower density of trees than youn-
ger forests. Mature wet pine flats support larger, taller,
and fewer trees than less mature sites and sites managed
for timber production. Therefore, we determined rela-
tive canopy tree size by dividing stand basal area by
stand density to obtain average tree diameter. We as-
sumed that tree diameter is positively related to tree size
and height. We then assessed average tree diameter
(V1) relative to the relatively unaltered wet pine flat.

The density of canopy trees and subcanopy vege-
tation indicates the relative openness of a forest can-
opy and midstory. More dense (closed) stands function
less effectively in supporting habitat for plants that are
shade-intolerant or animals that require an open mid-
story. Therefore, canopy tree density (V,,..) and sub-

canopy density (V,,.) were assessed relative to the
relatively unaltered wet pine flat. However, an index
score of 0.5 was assigned to any site with a density
greater than 125% that of the relatively unaltered wet
pine flat. The reason for scaling down high density
scores was that considerably higher densities would
severely restrict light penetration to the forest floor for
shade-intolerant plants and restrict space in the canopy
and midstory for animals that need open space for nor-
mal behavioral requirements. Subcanopy density is
also generally sparse where fire is frequent.

Herbaceous vegetation influences soil moisture con-
ditions, provides forage for herbivores, and provides
fuel for fire. Low subcanopy biomass and sufficient gra-
minoid biomass to fuel low-intensity fire are essential
for maintaining an appropriate fire frequency and inten-
sity. Many rare and endangered plants associated with
relatively unaltered wet pine flats are adapted to and
require frequent fires to eliminate competitors and com-
plete their life cycles. Thus, pyrophytic forbs and grass-
es both influence and are moditied by physiognomy in
relatively unaltered wet pine flat ecosystems. Herba-
ceous cover is a usetul parameter for comparing her-
baceous biomass among sites. Therefore, graminoid
cover (V) and forb cover (Viors) wWere assessed rel-
ative to the unaltered wet pine flat.

Snags and coarse woody debris (CWD) provide shel-
ter, nesting, and feeding habitat for an array of inverte-
brates, microbes, and small vertebrates (salamanders,
herptiles, and small mammals). Large CWD can act as
a localized barrier to low-intensity ground fires
(Schwartz [907). However, snags and CWD can smolder
for weeks after rain has dampened a grass fire and can
re-ignite grasses when conditions again become favora-
ble. Because frequent fires burn snags and CWD, fire-
maintained mineral wet flats tend to contain less CWD
than fire-suppressed sites. Therefore, we determined that
the density of snags and volume of CWD would be use-
tul for assessing physiognomic structure. Therefore, snag
density (Vi...) and volume of CWD (Viw,) were as-
sessed relative to the unaltered wet pine flat.

Our model for “*Maintain Characteristic Physiog-
nomic Structure” is

Index of Function
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Table 7. Predicted changes in ‘“Maintain Characteristic Physiognomic Structure” function resulting from jetport construction
on a 50-year old pine plantation (site #8) and conducting restoration at two alternative sites: an agricultural field (site #20)

and a 26-year old pine plantation (site #5).

All values predicted to occur five years after initiating restoration. Index of function

= (V||)(u\ + Vll)}"\' + (VSUH(' + ((V(QRr\.\‘[ + VH)RB)/Z) + ((VSNV\(] + v('\\'[))/z))/3)/3'

Unaltered Wet Agricultural Agricultural Pine Plantation Pine Plantation
Pine Flat Jetport Site Jetport Site Field Before Field After Before After
(site #10) Before Impact  After Impact Restoration Restoration Restoration Restoration
Variables Raw  Index Raw Index Raw Index Raw Index Raw Index Raw Index Raw  Index
Vioiat 0.28 1.0 025 09 0.0 00 0.0 00 0.0 00 022 0.8 0.28 1.0
AV 244 1.0 286 1.0 0.0 0.0 0.0 0.0 0.0 0.0 403 0.5 185 1.0
Ve 12,550 1.0 13.314 1.0 0.0 00 0.0 00 6,963 0.5 18,402 0.5 9,800 0.8
Viant: 66.8 1.0 47 0.1 0.0 0.0 0.0 00 69.0 1.0 30.0 04 70.0 1.0
Viorn: 333 1.0 0.0 0.0 0.0 00 0.0 00 205 0.6 2.8 0.1 205 0.6
Vinad: 8.0 1.0 0.0 00 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 8.0 1.0
Vewn: 2.07 1.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 1.77 0.8 3.0 1.0
Function
index: 1.0 0.75 0.0 0.0 0.14 0.56 0.96
Analysis of alternatives:
Jetport impact': 0.0 minus 0.75 = —0.75 (reduction)

Restoration impact to PC cropland': 0.14 minus 0.0 = 0.14 (increase)

Compensation ratio’: (0.75/0.14) = 5.4:1

Restoration impact to pine plantation': 0.96 minus 0.56 = 0.40 (increase)

Compensation ratio®: (0.75/0.40) = 1.9:1

" Change in function = post-impact index minus pre-impact index.

! Required compensatory mitigation ratio = function reduced by jetport construction/function increase five years after initiating restoration.

signed to achieve compensatory mitigation within five
years.

We do not provide mitigation specifications such as
the number of trees to plant, performance standards on
survivorship, or achievement of short-term project tar-
gets in any regulatory context. Rather, we assumed that
if appropriate specifications were met, the restoration
would thereafter progress toward the reference stan-
dard condition with natural succession and continued
fire management. The two compensatory mitigation
options compared were (1) restoration using a wet flat
converted to agricultural production (site 20) and (2)
restoration using a wet flat converted to a loblolly pine
plantation (site 5).

Agricultural Field. Agricultural fields typically func-
tion poorly with respect to most wetland functions.
Data for the hypothetical agricultural field to which
we applied our alternatives analysis are typical for
cropland in southeastern North Carolina. These fields
have a relatively smooth surface (no microtopographic
complexity), no litter layer, no vegetation, no coarse
woody debris, and are effectively drained by dense
networks of ditches. Therefore, all functions would
score zero prior to initiating restoration (Tables 2 and
3).

Restoring a converted agricultural field to a natural
wet pine flat would require plugging or otherwise ren-
dering ditches incapable of removing water, creating

microtopographic complexity similar to the relatively
unaltered wet pine flat, planting longleaf and pond
pine at a density sufficient to achieve a vegetative
composition similar to reference standards at maturity,
and instituting appropriate long-term fire-management.
Values used to predict conditions five years after ini-
tiating restoration were based on field data from a five-
year-old loblolly pine plantation (site 2) that was an
altered natural wet flat, except that management during
restoration would be for longleat and pond pine rather
than for loblolly pine. Increases in functions antici-
pated from conducting the above restoration were pre-
dicted to range from 0.14 to 0.71 five years after ini-
tiating restoration (Tables 4--7).

The hydrologic function (Table 4) would be ex-
pected to show the greatest increase (0.71) at the ag-
ricultural field site after five years. This increase in
functioning would primarily be achieved by restoring
natural drainage to the site (i.e., the V. variable
would increase from 0.0 to 1.0). Therefore. our as-
sessment shows that restoring natural drainage at the
agricultural field site would compensate for the reduc-
tion in the hydrologic function caused by removing
vegetation (transpiration variables) at the jetport site.
This means that to compensate for the reduction in the
hydrologic function at the jetport site. one unit of land
would have to be restored for each unit of land im-
pacted by construction (compensatory mitigation ratio
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= degree to which a function is reduced by jetport
construction/degree to which a tunction is increased
by year 5 after initiating restoration = 0.71/0.71 = 1.0,
ratio = 1:1). Of course, this ratio (1:1) assumes that
all restoration objectives will be met as outlined above,

The nutrient cycling function (Table 5) was expect-
ed to increase by (.27, primarily because appropriate
vegetation would be established and a fire regime fa-
voring graminoids would be initiated. However, nei-
ther living nor dead components of nutrient pools
would be sufficiently developed in an agricultural field
(based on site 2 data) to achieve reference standards
by year 5. Therefore, at least 1.9 units of the agricul-
tural field site would have to be allocated to restoration
for every unit impacted by Jjetport construction 0.51/
0.27 = 1.9) 1o compensate for the expected reduction
In nutrient cycling. This means that 1.9:1 is the min-
imum compensatory mitigation ratio needed to meet a
no-net-loss in function objective for nutrient cycling.

The plant community function (Table 6) was ex-
pected to increase by 0.30 after five years because the
site would be fevegetated with appropriate species and
a fire regime would be established to encourage the
appropriate cover of graminoids and fire-adapted
forbs. Even this modest increase in the plant commu-
nity function would compensate for the expected re-
duction in function anticipated from construction be-
cause the jetport site functioned 80 poorly prior to its
alteration (0.15). This means that in order to compen-
sate for the reduction in plant community function
caused by jetport construction, restoration would have
to be performed on one half unit of agricultural field
for each unit of the Jjetport site impacted (0.15/0.30 =
0.50, ratio = 0.5:1).

The physiognomic structure  function (Table 7)
would be expected to increase by 0.14 five years after
initiating restoration. We expected that this function
would show the smallest increase, primarily because
tree diameter, tree density, snag density, and CWD vol-
ume could not be restored within five years at an ag-
ricultural site (thus, all variables would be expected to
score .0). Based on site 2 data, only forb and gra-
minoid cover and subcanopy density would be ex-
pected to show any increase. Because the Jetport site
was a 50-year-old pine plantation, it had sufficient can-
Opy structure to score relatively high (0.75) for this
habitat function prior to impact. Thus, we anticipated
a substantial reduction in the habitat function (0.75)
due to jetport construction and a minimal increase in
the function (0.14) five years after initiating restoration
at the agricultural field. Thig means that one would
have to allocate 5.4 times as much area to restoration
as that impacted by Jetport construction (0.75/0.14 =
5.4, ratio = 5.4:1) to compensate for the reduction in
habitiat function anticipated from construction.

The above analysis shows that compensatory miti-
gation ratios required to meet no-net-loss objectives
differ for each function. This is partly due to the mag-
nitude to which each function occurred at the project
site before impact and partly due to the inability of an
agricultural field to recover functions (relative to ref-
crence standards) within five years. Assuming resto-
ration is successful, we expect that all functions would
achieve reference standards (1.0) after about 60 years.
However, after initiating restoration at an agricultural
site, we do not €xpect any functions that depend on
the presence of mature canopy trees to function any-
where near those of relatively unaltered sites after only
five years. That is why the hydrologic function scored
high relative to the other functions; it is more depen-
dent on the absence of drainage than the presence of
€anopy trees.

26-Year-Old Pine Plantation. Function indices in the
26-year-old loblolly pine plantation (site 5) considered
for restoration in this study ranged from 0.16 to 0.64
prior to Initiating restoration (Tables 4-7). The
26-year-old pine plantation seemed to function at a
magnitude comparable to the project or jetport site
(50-year-old pine plantation), except for the physiog-
nomic structure function. The younger pine plantation
functions less effectively in maintaining characteristic
structure (Index = ().56 vs. 0.75) because it had small-
er and higher density of trees than the older pine plan-
tation and it entirely lacked CWD.

Restoring site 5 to a natural wet pine flat would
require rendering nearby ditches Incapable of remov-
ing water, culling small-diameter pines to open the
Canopy. creating a mosaic of open space and thinned
loblolly stands to mimic patchiness in relatively un-
altered longleaf pine wet flats, planting longleaf and
pond pine seedlings in openings at a density sufficient
to reach reference standards at maturity, planting wire-
grass, creating appropriate microtopographic complex-
ity (at reference standard magnitude) for surface water
storage, creating snags in the appropriate density by
girdling some pines, creating an appropriate volume of
CWD, and initiating long-term fire management. [n-
creases in functions anticipated from conducting the
above restoration were predicted to range from 0.27 to
0.40 after five years (Tables 4-7).

The hydrologic function (Table 4) was predicted to
show the least increase (091-0.64 = 0.27) even
though natural drainage would be restored (Ve im-
proved from 0.5 to 1.0). This is because some canopy
trees would have to be removed to plant longleaf and
pond pine (thus reducing the Viwer index from 1.0 to
0.7), a condition that would adversely alter site hy-
drology by reducing transpiration. In addition, only
minimal change could be obtained by restoring sub-
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canopy density (Vg g from 0.8 to 1.0). Because hy-
drologic improvement would be minimal, 2.6 units of
pine plantation would have to be allocated to restoring
the hydrologic function to site 5 for every unit of jet-
port constructed (0.71/0.27 = 2.6, ratio = 2.6:1).

The nutrient cycling function (Table 5) was expect-
ed to show an increase of 0.37 (0.91-0.54) after five
years, about half the decline in the function anticipated
from jetport construction. This small increase in the
cycling function is based on our prediction that (1)
canopy basal area for the stand would decline in re-
sponse to culling trees to plant longleaf and pond pine,
(2) because litter depth was already equivalent to the
reference standard, it could not be improved, (3) CWD
and snags could be increased to reference standards by
selectively felling trees, and (4) herbaceous, subcano-
py, and seedling cover could be increased by planting
and managing the site with fire. Therefore, 1.4 units
of pine plantation would have to be allocated to res-
toration to compensate for the reduction in this func-
tion due to jetport construction (0.51/0.37 = 1.4, ratio
= 1.4:1).

The plant community function (Table 6) was pre-
dicted to realize a 0.34 (0.50—0.16) increase after five
years. This prediction is based on the assumption that
characteristic graminoid and herb cover could be com-
pletely restored through planting and by managing the
site with fire. and that subcanopy composition could
be restored rapidly (most characteristic subcanopy spe-
cies are present in pine plantations, although their rel-
ative proportions vary). Canopy composition was pre-
dicted to be only 0.1 that of reference standard after
five years because planted longleaf and pond pine
would still be too small to meet our minimum 10-cm-
dbh size definition for trees.

The predicted .34 increase in the plant community
function is slightly more than twice the reduction in
function (0.15) anticipated from jetport construction.
Therefore. restoration of only 0.4 unit to natural wet
pine flat would be required at site 5 to compensate for
this reduction in function. Even this marginal increase
in the function would compensate for the jetport im-
pact because the function was operating at a low level
at the jetport prior to impact (i.e.. its composition was
not very similar to natural wet pine flats).

The physiognomic structure function (Table 7) was
predicted to approach the reference standard (0.96)
within five years after initiating restoration, thus real-
izing a moderate (0.40) increase (0.96-0.56 = 0.40).
However, because jetport impacts would lead to a large
reduction (0.75) in this function. 1.9 units of land
would have to be allocated to restoration for every unit
of land negatively impacted by jetport construction
(0.75/0.40 = 1.9, ratio = 1.9:1).

Note that five years after initiating restoration, the

hydrologic, nutrient cycling, and physiognomic struc-
ture functions would all be expected to be operating
near reference standards (indices = 0.91 to 0.96); i.e.,
we expect that they would function similarly to rela-
tively unaltered wet pine flats. The nutrient cycling
and physiognomic structure functions would be similar
to reference standards because many of the compo-
nents (trees, CWD, snags) driving those functions
would already have been in place before initiating res-
toration and restoration of these parameters could be
achieved relatively quickly by just manipulating the
site. Only plant-community composition would be ex-
pected to function at a low level relative to the unal-
tered condition, primarily because the planted longleaf
and pond pines would require decades to grow to ma-
turity. Only at maturity would canopy composition be
expected to achieve reference standard.

In comparing the potential of the two restoration
options to compensate for jetport impacts, we see that
both options would require roughly the same amount
of land to restore the nutrient cycling and plant com-
munity functions. By applying restoration to an agri-
cultural field. less land would be required to restore
the hydrologic function and more land to restore the
physiognomic structure function than would be re-
quired using the 26-year-old pine plantation as a res-
toration site. However, applying restoration to the pine
plantation would bring all functions closer to reference
standards in the shortest period of time, particularly
the physiognomic structure function.

DISCUSSION

In approaching assessment from an ecosystem per-
spective, one can determine how alterations atfect eco-
system processes and what has to be done to restore
an altered wetland to a fully functioning, self-sustain-
ing ecosystem. For example, lack of coarse woody de-
bris (CWD) and snags in pine plantations results from
intensive extraction of those sites tor timber; trees nev-
cr have a chance to grow old, die, and decompose.
Moreover, harvesting results in the export of elements
that would otherwise remain on site at reference stan-
dard levels. Therefore, pine plantations do not function
at recycling nutrients in a manner characteristic of rel-
atively unaltered wet pine flats. Measures of CWD and
snags are useful for assessing the relative degree to
which cycling processes have been altered and provide
guidance on what can be done to restore the decom-
posing portion of the nutrient pool to conditions ex-
isting in intact wet pine flats.

The two restoration options we discussed in this
study (applying restoration to an agricultural field and
to a loblolly pine plantation) show how important it is
to assess several functions in an ecosystem. Five years
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after initiating restoration, the agricultural field site
would not be expected to show much structural resem-
blance to a relatively unaltered wet pine flat (physi-
ognomic structure function index — 0.14); however,
by manipulating the physiognomy of the loblolly pine
site, its functions could be restored to levels indicative
of the relatively unaltered wet pine flat (index = 0.96)
within only 5 years. This is because the site already
had a 26-year-old forest on it that possessed structure
(Index = 0.56) that would take the agricultural field
26 years to achieve. If we had failed to assess the
physiognomic structure function, we would have
missed an important piece of the ecological picture of
the system and our assessment of project and restora-
tion impacts would have been deficient.

Although the ultimate goal of restoration set forth
in the HGM approach is to achieve reference standards
for all tunctions, no restoration project is likely to re-
store all functions at the same rate (as shown by dif-
fering restoration impacts in Tables 4-7), nor would
any given function be restored at the same rate among
competing restoration alternatives (as shown by dif-
ferences between the two restoration alternatives dis-
cussed in this paper). That is why compensatory mit-
igation ratios required to achieve g no-net-loss-in-func-
tion objective vary among the four functions and the
two restoration alternatives used for illustration in this
study.

Another issue that affects no-net-loss-in-function
objective is the loss of functions expected between the
time a project is initiated and the point at which com-
pensatory mitigation is achieved (defined as year 5 in
our study). Loss of functions usually occurs immedi-
ately after a project is initiated; recovery of functions
usually progresses gradually over time. Therefore, un-
less restoration is initiated prior to project impacts (in
the above scenario, five years earlier), increases in
function would fail to compensate for reductions in
functioning accrued between project impact and as-
sessment of the restoration site. However, this loss may
be compensated over the long term because functions
would continue to increase in magnitude from time of
initial post-restoration assessment (year 5) to €COosys-
tem maturity, at which time reference standards would
be achieved. This is particularly true for forested wet-
lands, for which suceession to maturity occurs over
many decades.

Because restoration ratios do not dictate specific ac-
tions, all the above issues should be considered when
negotiating for an appropriate compensatory mitiga-
tion ratio for a specific restoration Project or in setting
regional policy. For example, if water quality is given
priority, then one might choose restoration sites that
maximize the recovery of hydrologic functions in the
shortest time. However, if recovery of endangered spe-

cies habitat is assigned priority, then one might choose
a restoration alternative that would lead to recovery of
habitat-related functions in the shortest time. In any
case, the main objective of HGM assessment is to re-
store wetland ecosystems, not individual functions.

In summary, the HGM assessment procedure ap-
plies basic knowledge of ecosystems to rapidly assess
wetland functions. It was designed as a tool to improve
the application of science to the management of wet-
land resources. The key element of the HGM proce-
dure is that all model variables are indexed relative to
standards derived from intact natural ecosystems of the
appropriate regional HGM-type, the assumption being
that mature, relatively unaltered ecosystems function
at a magnitude that ig sustainable in the absence of
s€vere perturbation. In doing this, direct measurements
of ecological processes need not be measured: one
only needs to measure field parameters controlled by
such processes. Using metrics from intact ecosystems
also provides standards for restoring wetland €Ccosys-
tems; it therefore requires that ecosystems, not just in-
dividual functions, be restored.
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