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Abttroct: This study demonstratcs an approach firr rapidly collecting quantitative field clata on rel'erence
wetland sites and using those data to asscss lunctions (ecological processes) in wetlands. we demonstrate
the hydrogeomorphic (HGM) assessment procedure by identilying ecological f'unctions perfirrmed by mineral
soil wet flats' obtaining quantitative field data fiom l9 wet flats (ref-erence sites) in southeastern North
Clarolina, and modeling wetland functions using variables derived liom those lield data. We chose a subset
o1 the l9 rel-erence sites to dernonstrate how HGM assessmcnt can be used to measure ecosystem functions
befirre and alier a project site is altered and the degrce to which ecosystem restoration can cornpensate lirr
a reduction in lunctions caused by a pro.iect's impact.

We also illustrate how HCM assessmenf can be used to detcrmine the minimum a,rea ovcr which rcstoration
should be applied to achieve a no-net-loss in tunction objective. This minirnum area can be determined by
dividing the degree to which a function is reduced thnrugh projcct alteration by the clegrec to which a
lunction is increased through restoration. Thc ratio of wetland area restored to wetland area altered by a
proJect impact (compensatory mitigation ratio) varies among f unctions and is influenced by ( l ) the magnitude
to which any given f'unction occurs at a project site both befbre and alter the site is altered, (2) the magnitude
to which any given function occurs at a compensatory rnitigation site both belbre and aticr restoratron rs
applied, and (3) the rate at which any given function is resrored.

Key Words: compensatory wetland mitigation, ecosystem restoration, fire, functional assessment, hydro-
geomorphic assessment, impact assessment, longleaf pine, Pinus pulustris, Norlh Carolina, wet pine flats,
rcf'erence standards. reference wetlands

INTRODUCTION

The hydnrgeomorphic (HGM) assessment approach
tbr measuring wetland functions differs fiom earlier
assessment approaches in two fundamental ways: it re-
quires that wetlands be classified by hydrologic and
geomorphic properties within a narrowly delined re-
gional subclass (Brinson 1993) and that infbrmation
on other wetland sites of the same HGM class (i.e.,
ref-erence wetland sites) be used to develop and cali-
brate standards fbr assessment (Smittr et al. 1995.
Brinson and Rheinhardr 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 afier alteration. Critical
assumptions made in applying HGM assessments are
that (l) ecological processes (functions) in relatively

unaltered wetlands occur at levels that are sustainable
and predictable for any given HGM wetland-rype (bar-
ring severe natural perturbations), (2) that these eco
logical processes ere so similar in fbrm and magnitude
within any natrowly defined regional subclass that
they shape biotic and abiotic comp()nents 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 fiom 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 4O4(b)( I )
guidelines of the Clean Water Act (,10 CFR 230), in-
cluding alternatives analysis and wetland mitigation
(avoidance, minimization, and c<tmpensation). This
functional assessment approach is not intended to su-
persede the 4O4 public review pr()cess' it was devel-
oped as a tool fbr providing infrlrmation lbr use in
public review decision-making. If appropriately mod-
ified, this assessment technique could also bc used tcr

assess the relative condition of any ecosystem because
it relies cln relatively intact, natural ec()systems firr de-
fining standards.

This study demonstrates the HGM assessment ap-
pnrach firr rapidly collecting quantitative field data on
ref'erence wetland sites and using those data to assess
functions in wetlands. It does not provide reliable ref'-
erence standards firr assessing or regulating wetlands
in North Carolina or elsewhere. to deterntine the nat-
ural variation of relatively unaltered sites, more data
are needed than we used to demonstrate the assess-
ment procedure. Therefore, within this limitatir)n, ()ur
objectives were t() ( | ) identify ecokrgical functions
generally attributed to fbrested, mineral soil wet flats
in North Carolina, (2) clevelop procedures to rapidly
measurt: field parameters that are attributes of func-
tions pertbrmed by such flats, (3) locate and quanti-
tatively characterize ref'erence sites representing a

range of relatively unaltered and alterecl conditions
typical of wet flats in southeastern North Carcllina,
(4) assess changes in ecological functions expected t<r

occur under a hypothetical alteration of one of the
ref-erence sites, and (-5) predict the potential effbcts
that two restoration alternatives cctuld have ()n re-
storing altered functions.

This paper is divided into tw<t parts. Part I estab-
lishes ref'erence wetland conditions firr mineral soil
wet flats. It provides the historic and biogeographic
context fbr wet flats in the southeastern United States.
outlines methods used to obtain data on ref'erence
sites in North Carolina, provides field data on those
ref-erence sites, and relates ref'erence sites to one an-
other.

Part II defines functions, provides rationale fbr
modeling functions with lield variables, calculates
reference standards for model variables. illustrates
how function models and ref'erence 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 obiec-
tive.

PART I. ESTABLISHING REFERENCE
CONDITIONS

Classification: Historic and Geomorphic Setting

This study was conducted in Carleret, Craven, and
Onslow Counties in southeastern North Carolina, USA
in the vicinity clf 35" north latitude ltnd JJ" west lon-
gitude. The southeastern N<trth 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 firrmation
of hydric soils and extensive wetlands. E,xcept fbr flats
adjacent to coastal embayments where sea level di-
rectly influences the water table, m()st wet flats receive
precipitation as their solc source ()f water and lose wa-
ter by evap<ltranspiration, overland flow, and gradual,
year-round seepage to the underlying aquifer (Heath
197-5. Skaggs et al. 19U0, Daniel lgttl). Soils of wer
flats range fiom 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 fie-
quent fire- Fires were caused by lightning (Komarek
1964, 1974) and by indigenous people to improve hab-
itat tirr game (Bartram 179 l, Ware et al. 1993). Be-
cause extensive areas of the lower (outer) coastal plain
are s() 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 fiequent fire were
small areas isolated by open water ()r by soils saturated
firr long periods (such as pocosins, stream bottom
swamps, and marshes). Fire was much less tiequent in
isolated c()mpartrnents because they were less likely to
be struck by lightning than larger areas (Ware et al.
I 993).

Frequent ground fires preventecl the accumulation o1'

fuel and destructive crown lires (Schwarz lg0l, Chap-
man 1932, Heinselman l9Ul, Abrahamson and Har-
nette 1990). These fires also encouraged ground cover
dominance by pyrophytic grasses and filrbs and re-
cruitment <lf longleaf pine (Pinlr.s palustris\ and pond
pine (Pin us serotina) while suppressing recruitment of
loblolly pine (Prnu,r taedo) and hardwoods (Schwarz
1907, Christensen 1981, Platt et al. 1988. Srout ancl
Marion 1993). Longleaf requires mineral soil for seed
germination (Chapman 1932, Christensen l9'17), an<l

pond pine tends to release large quantities of seeds
fbllowing scorching of its cones by fire (Crutchfield
and Trew 1961, Burns and Honkala 1990). Both spe-
cies are relatively resistant tcl fiequent, low intensity
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Table l. Field Parameters
ments provided in Table 3'

measured in wet

Variables used to
flats.

model
Measure-
luncttonspine, an<l red maple (Acer rubruim)' while subcanopy

:;;;"- were delined as woody life-forms generally re-

strictedtotheunderstoryandshrubliryer,suchasfet.
ter-bush (Lv-onia lttt,rtla), titi (Cltrilta racemiflorcr)' and

,"a troy (Persea borbonitt)' Taxonrlmic nomenclature

follows Radford et al' (1968)' except that Nv's'sa s'-v/-

vrttit:a var. .r,vlvcrica and N'vs^s a svlvatictt var' bi'flortt

are herein referred t<l as N-v's'ra s''-lvtttictt and N-vs'sa

b i.flo ra, resPectivelY'
At each of the three Bitterlich points' three 5-m-long

transects were established' each of which radiated out-

*or.t trr.rn-r the three Bitterlich points ancl were oriented

at 120' fiom one another' Thickness of litter layer and

relative elevation (using a staclia rod an-d hand level)

were measurecl at each 0'5-m interval along the three

transects ( l0 points per transect X 3. transects per sam-

ple point X 3 sample points per site : 9O measure-

rn.n,, per site). Two l-mr quadrats were placed along

each transect between the 2 and 3 m positicln and the

4 an<l 5 m position- For each quadrat ( I tt per site)' we

recorded percent ctlver for each of the firll<lwing cat-

.g,r.i.r, (l) graminoids' (2) forbs (non-graminitid her-

baceous plants;, and (3) subcantlpy and canopy seed-

lings lesi than I m tall' Percent c()ver wrrs estimated

", 
ifl. n,iaptlint of tlne of eight ctlver classes (mtldified

from Daubenmire l96U) 
" 

07o Qo/c')' 2'5a/o (0-5o/a)' l5%o

6-25Ea), 31'5Vo Q5-5O%')' 6'7'5a/o (50--/5%)' 85'/o

(75 95Vo).91'5a/c' (95-l([o/")' l}Oa/o ( l(X)7o)'

Analysis of Ret'erence Wetland Data

Measured helcl parameters and units ()f measure-

ment are clefined in Table l ' Counts of stems were

c()nverted tcl absolute density and presented in num-

bers per hectare- Relative basal area and relative den-

sity ;ere calculated for each canopy species and av-

".rg"a 
to ()btain impofiance values' 

.by 
species' Rela-

tivJ density ancl relirtive trequency of occurrence were

"u.rrg"d 
tir, ,ubcant'py species t() obtain importance

values, by spccius' Lniortonc" v:rlttes lirr canopy and

subcanopy were corlbirtcd for cach site and used to

construct an ordination diagram using Detrended Cor-

respondence Analysis (DCA) (Hill 1979' Hill and

Gauch 1980), with CANOCO sofiware developed by

Ter Braak (1988)' CANOCO was also used to con-

struct envirtlnmental biplots fbr the ordination' We

used the DCA algorithm, rather than a direct ordina-

tion technique' because we clid not want the ordination

to be constratned by the parameters we measured'

Rather, tlur oblective was to assess how the measured

tield parameters were related to intrinsic diffbrences in

vegelati()n among sites'

Microtopograpiic complexity fbr each site was cal-

culated by (l) subtracting the lowest elevaticln mea-

sureil in each transect (30 per transect) from all other

were derived liom these field parameters

Vari-
able Dcfintttttn

V','r. Lack of clitches near (<50 m) and within assess-

hcrbs)
) lO cnt

10 cm dbh

m tall and

ment slte

V,,,...r Pcrcent ctlver tll' gramintlids

V,,,,,,, Percent ctlver ol' lilrb (non-graminoid

V,*;; Total basal area (m' ha 1) tirr all trecs

dbh

Vr,,,,r Density (stems/ha) ol' canopy trces >

V,,,,^ Average trec diameter (m)

V.: ,,, Density (stems/ha) ol' subcanopy ) I

< 1() cm dbh

Vr,,,.,, Percent ctlvcr of trees and shrubs { I m tall

":,,, 
; Microtopogrirphic complcxity (rncasured us vari-

ancc in clevation clivicled by rncan clevation' n

: 90)

V, ,,. Dcpth ol' litter laycr (crn)' n : 9O 
.

Vr^,.,, l)enstty (stcms/ha) ()l'standing dead stems > l0

crn dialnctcr

V, *,, Volume (cm'/ha) ol-coarsc wotldy debris > l0 cm

diameter
V, ,,,, Sorcnscn similarity index ol' canop.y Importance

Values (average ol'relativc basal arca and rcla-

tivc density ol'trces > lO cm dbh)

Sorcnsen sirr-rilarity indcx ol' subcanopy Inlpor-

tancc Valucs (avcrirgc ol relative dcnsity and

relativc licquency ol- ttccurcncc lirr subcanopy

spccics '-' I m tall and < l0 crn dbh)

elevatton measurements within the transect (thus' zertt

was assigned to the lowest elevatitln in each transect)

anil (2) aiuiaing the pooled variance in elevation tor

each of the LJ transects by the mean elevation of the

site.

Relationship Among Ref'erence Wetlancls

The 19 reference Sites l0l wct llats werg classitieci

into four firrest cover-types (Table 2): natural pine (-1

sites), loblolly pine plantation (6 sites)' pine-hardwood

(6 sites), ancl hardw()od (zl sites)' Field rneasurenrents

used to establish reference standards and derive model

variables tilr assessing functions are summarized in

Table 3.

The DCA orclination separatecl wet hardwood flats

to the right side of the ordination <liagram and natural

wet pine flats to the lefi side (Figure I )' These repre-

sent the two seral endpoints possible tbr mineral soil

wet flats: hfe-matntaittcd pirru )dYdrrrrd J-'tinatcd try

longleaf or pon<l pine and fire-suppressed' and closed

.un-opy foreit dominated by admixtures of hardwoods'

Oriination biplot arrows' which depict the direction
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Stand l0 represents reference conditions

i;;c pine Plantations) had no canoPy

Iable 2. lmportance values for canopy ano suota'uPilO"*".,. 
flats' Stands 2 and 5
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Natural Pine Flatwoods

Site * to v ' -: ;. o ls 5 zr 26

t -5 l'7 '7 n Lr " 236 254 153 5 t9
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Table 2. Extended

Pine-Hardwood Flats Hardwood Flats PCC
t-) t112l5 llt7 )/ll618l9
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18.3

28.-3

13.4

t3.4

l;

18

103

t3.'7
1.3

13.9

20.5

l4.o
6.3

16.0

5.8
8.1

886

-1t. I

23.8

15.-5

2;

z-)

572

31.-5

10.9

I l..l
l.-5

24.5
8.1

l0.l
0.9

0.9

3,307

28.9
4.8

20.6

5.4

6.0
l -5.9

5.4
5.4

21

43-5

25.6
t7.o

1n

1.5

19.-5

2.4

3s.3

I,781

2_5.5

5.7

r6.I

l 1.4

l;
4.5

;
r 3.8
4.5

25

562

t(;
25.6
l6.3

39.1

-5. I

0.9

1.9

0.9

10,048

'7.l

2l.L)

6.9
5.1

t5.1

2.o
1.'7

6.9
tl .4

2.2

;

1.3

0
o

o



202 WETLANDS. Volume 17. No. 2, 1997

Table 3. Modcl variables derived fiom field measurements. Ref'erence standards for wet pine flats obtained fiom site 10, the

only unalterei.l wet pine flat located in the study area. Site 20 is based on characteristics of agricultural fields (prior-converted

cropland). Table l provides abbreviations fbr model variables.

Site Agc V,,, ,, V,,,. .n, V,.,*,, V ,*, , V r',, t Vn,', u Yrtt V'*..,, V, o,,

I

2

3

I
5

6

1

ti
9

l0
ll
l2
ll
t4
l5
l6
t1
l8
l9
20

26 0.-s

-5 0. I

1l 0.1

t2 0.1

26 0.5
l0 0.5
60 1.0

50 0.5
60 l.o
60 1.0

6z1 1.0

5 0.t
-50 0.-s

50 0.5

-50 0.5
35 l.o
16 0.5
Ilti 0.5
6'7 l.o
o oo

34.4 2l .3

20.5 0.0
5.7 1.7
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o.0 ().()

t21 t-5.4
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0.(x) 0.0
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0.0 0.(x)
0.0 0.85
o.o 1.77

0.0 0.oo
0.0 6.92
o.o o.oo
42.1 0.00
8.0 2.07
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It4.tt t).52

0.0 1.0'7

8;1.u 0.00
lJ4.tt 8. l0
0.0 21.60
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84.rJ t.l5
12.4 3.12
0.0 0.(x)
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0.0
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38. I
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0.o
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t] .0
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0.o
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arrows illustrate relative strengths of environmental gradients. Variables defined in Table l.
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?1,*d managed pine plantations (sites 1,3,4,5, g).
Pine plantations are managed fbr 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 (m<lstly red maple and sweetguml.

PART II: ASSESSING, MITIGATING. AND
RESTORING WETLAND FUNC'I'IONS

Functions are defined by Smith et al. (199-5) as ..the
normal or characteristic activities that take place in
wetland ecosystems or simply the things wetlands do.,,
One goal of functional assessment is tir deterrnrne howwell a wetland is doing. This can only be done if one
knows what a given wetlanit is capable of doing orhow it functions under relatively unalte.ed conditions.
HCM assessment assurnes that hydrogeomorphic and
regional edaphic-climutic conslraints determine nutural
variation, while human_induced alterations rnduce afbrm of variation that should be captured by the as_
sessment method.

Tir reduce the amount of natural variability that hasto be considered in assessment, the HGM procedure
separates (classifies) wetlands by regi<lnal sub_class.
Then a wetland's potential is determined fiom ref.er_
ence data fiom relatively unaltered sites wrthin its re_
gional wetland subclass (background presented in part
I). General infirrrnation about unaltererl conditions and
locations of relatively unaltered sites are obtained fi<lm
scientific literature and fiom ecologists familiar with
regi.nal variability <lf the subclurr. HGM assessments
rely on knowledge about unaltered conditions because
the degree of functioning is expressed relatlve to intact
wetlands of the same limited regional subclass. Degree
of tunctioning is determined fiom both site data and
the structure of function mcldels.

Function models used in HGM assessment are
coarse logic statements that portray general ecological
processes or conditions; they should not be confused
with sophisticated nrodels depicting ecologrcal rates
and fates of nutrients and energy lBiinson and Rhein_
hardt 1996). The HGM assessment methocl was de_
signed t<t be a rapid technique for use in the regulatrtry
arena where lack of sutficient time, money, and per_
sonnel limit the application of more sophisticated pro_
cedures. Fortunately, wetlancis possess numerous bi_
otic and abiotic parameters that can be measured rap_
idly and can be used to model functions uslng coarse
Iogic models.

. For simplicity of illustraring the application of func_
tional assessment, we fbcus only on- pine_dominated,
mineral soil wet flats. Because bclth relatively unalter-
ed pine and mature wet hardwood flats are relatively
rare, they both warrant consideration fbr restoration in

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

Identifying antl Modeling Funcrions

Field rneasurements collected at each site show dif._
f'erences in biotic and abiotic characteristics arn()ng
sites (Table 3). We used these field rneasurements t()produce model variables- Some model vanables were
used to m<ldel several functions. Their lilrrn was re_
tained fbr all functions to which they were apptied, but
the rationale fbr using them diff'ered 

"r,l,rng 
functions.

Rationale filr using each variable is explained below
when defining functions ancl their m,rclelr.

Scaling tor model variables was continu()us, exceptfirr cases whcre conlinu()us mea\urclnenl\ *ara;,r;
possible. A simple linear relationship for moclel vari_
ables was assurned because -. .,rul.l not iustifv a
more sophisticated curvilinear relationship wiitrout acl_
equate supporting data. For example, if the relerence
standard condition for tree basal area were l6 mr/ha,
a site with tl mr/ha would score 0.-5 while a srte with.l mr/ha would score 0.25. Had we obtainetl a larger
data set of intact sites, natural variation of reterence
standard sites could have been used to scale the ntocl_
els, thus allowing a range of basal areas (e.g., l4_20
mr/ha) that could be scaled to l.O.

Instead, model variables fiom the one relatively un_
altered wet pine flat in our ref'erence set (site lO) were
defined to be ref'erence standards and indexed to I.0.
Model variables fiom assessment sites were then nor_
malized relative to those of site 10, thus sconng be,
tween zero and 1.0. In most cases, motlel variables that
scored higher than 1.0 afier normalizatir)n were re_
duced to 1.0 or less, the assumption being that a higher
level of any given function or motlel v-ariable is n<lt
sustainable in natural, relatively unaltered wetlantls
without negatively aff-ecting clther functions (Brins<tn
and Rheinhardt 1996). For plant density_relate<J vari_
ables, indices that scored considerably higher than 1.0
afier initial normalization were ..rnri.t"i.,t to be so
detrimental to the expression of their associated func_
tions that their indices were automaticerlly 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 ref-erence stanclard and between
zero and 1.0 fbr assessed sites. The actual relationship
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between model variables and functions has not been

tested specitically fbr wet pine flats or any wetland.
Therefirre, we applied general knowledge about eco-
system structure and function ttt provide our basis for
modeling functions. Also, lunctions 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 ntust take place

within regulatrlry and policy arenas.

We iclentified tour functions perfirrmed by mineral
soil, wet pir.rc flats: ( I ) Maintain Characteristic Hydro-
krgic Regime. (2) Maintain Characteristic Nutrient and

Elernental Cycling Processes, (3) Maintain Character-
istic Plant Community, and (4) Maintain Characteristic
Physiognornic Structure. For each function, we pro-
vide its definition. describe on-site and off-site effects
of the l'unction, list processes that control the functittn,
provide rationale firr choosing specific field measure-
ments that we used t() represent those processes and

m<ldel the firnction, and justify ()ur appr()ach firr the
way we structured mtldel variables to estimate tunc-
tions.

Our models could be imprtlvcd in a variety o1'ways,
ranging from ntore quantitatively scaling lield mea-
surements to adjusting the relative impttrtance o1'each
model variable based upon appropriate data. Both are

needed to ,jr.rstify a m()re sophisticated mtldeling tlf
functions. However, achieving higher levels of sophis-
tication and resolutir)n must be balanced with practical
considerations for a rapid approach that meets the

needs ol' the regulat<lry end-user.

Functions

( I ) Muintuin Chontt'teristic Hydrolo.glt' Re,qlnre. This
hydrologic function represents the capacity ttf an eco-
system to maintain hydrologic pr()cesses characteristic
of relatively unaltered wet pine flats, including evap()-
transpiration (ET), long and short-term surface water
st()rage, and subsurtace storage. Precipitation and fltlw
fiom adjacent areas (surtace and subsurface) are the

only sources of water to wet pine flats. Outputs are

restricted to ET surface and subsurf'ace lateral flow,
and minor downward seepage tcl ground-water. Water
is stored in vegetation, in small-scale depressi()ns xs-

sociated with variations in microtopographic relief
(hummocks, depressions, and other irregularities of
less than 0.2-5 m relief), and below ground.

On-site ett'ects of this function include supporting
conditions favorable fbr biogeochemical processes that
require anoxic conditions (clxidati<ln 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 aquif-ers, 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

fbr fish and shellfish (Brinson 199 l)-
A direct way to assess hydrcllogic regime is to mon-

itor shallow gmund-water wells and compare hydro-
graphs with those of relatively unaltered sites. How-
ever, long-term hydrokrgic rnottitoring is not f'easible
in most regulatory sitr"rations. An alternative way t()
assess hydrologic regime is to nreasure field parame-
ters that indicate the degree ol'hydrol<lgic I'unctrrrning
and compare (inclex) those parameters with relatively
unaltered wet flats.

The presence of canopy and subcanopy vcgetrttion
indicates that transpiration is occurring. Since basal

area of can()py trees is rapidly nreasured and is roughly
proportional t() tree leaf area avirilable tilr trlnspiratittn
(Barbour et al. 19t30), we used total tree busal area
(V,u, ,) to indicate transpiratiotr potential of trces rel-
ative to the relatively unaltered wet pine flat. By ctlm-
paring hasal area (and by inf'erence, transpiration) rel-
ative to the unaltered site. we asscssed sites relative to
a characteristic transpiration nttc lirr the unaltered con-
dition, rather thitn choosing thc highest or lowest po-
tential tirr water krss in defining standards. l-ikewise,
since density ol' subcan()py stL-nls is :rn indirect indi-
cation of subcanopy leaf area availitblc lor transpira-
tion, we used total density ol'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 t<l sites with a density greater
than | 257o of the relatively unaltered pine flat. The
reas<lning filr scaling down high densities was thitt
considerably higher densities woul<l subject i.l silc t()

higher rates of transpiration than the relatively unal-
tered pine flat and thus alter the hydrologic regime
relative to its characteristic conditiot.t.

The presence of microtopographic relief indicates
that surface water call be held on site- Micnrtopo-
graphic variation contrihutes to the capacity o1'a site
t() retain surface water in small depressions. [-ow are:ts

surrounded by slightly higher elevatiotrs inrpede over-

land flow of water away from a site. Therefore, mi-
cr()t()pographic complexity (V,1r.,) was assessed rela-
tive to complexity measLlred in the unaltered pine flat.

An absence of ditches indicates that water is n()t

being artificially removed fiom a site. We assumed that
normal lateral surface and subsurface flow arc intact
if ditches capable of removing water fiom a sitc are

absent. By more rapiclly transporting water t() creeks,
ditches reduce the duration of shrlrt-term storage of
water and reduce water availability to vegetation and
small depressions. Assessment sites without ditches
(V,,,r,.) were assigned an index score of L0 because

relatively unaltered wet pine flats lacked ditches. Sites
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with<tut ditches within their assessment area, but pres-ent within 50 m and capable ,rt ,"_nuing warer, re_ceived an index score of 0.5. Sites *irt aii.fr., presentwithin their assessment area, and capable of removingwater, received an index score of O.t. Wnite this cat_egorical assignnrenr of model uo.ioii.s; i, ,r.,t os; ufirst approximation, in reality, the index fbr ttre moclelvariable woultl be tr

e re n c e s tand ard ( r,,.r.'-" lt' 1' l;T.,'llil:i,t;T.'T J:,1;in sites that have been intensir,.ly a.uin.A. More in_Iorrnaliorr on ditch dr
e r'e -s,, n *,,r;;,;,,; ilitt #.1 l.;irf;:il?,iilliJ: l:,',.soil type and vegetati()n c()ver ln wet pine flats wouldbe-needed kr improve our model tirr this function.Our model lirr ..Mrrintain 

Clharacteristic HydnrlogicRegirne" is

Index of Functiorr

Cycling processes can be measured directly by trac_ing transfbrmations of essential .t.rn.rrt, over seasonaland meteororogical cycles. uo*.rr.r, ,uch studies aretime-consuming and.require analytical iab support, andso are clearly outside the bound.s of rapid assessmentprocedures. An altcrnative way t., urreJ, this functionls to rneasure fietd parameters that indicate the degreeto which the l'unction occurs lt a site.
Snags and coarse woody debris (CWD) representsome of the m<lre refiactory fbrms of detritus under_going decomposition- As clecclmpositi<,n pr()gresses,these cclarse materials ar. ..,ft,.Jd'r.,',n" fine littercomp()nent (explained below) at the satlc trrne theyrelease elements firr uptake by plants. The density ofsnags and volume of CWD indicates the relativeam()unt .f c..rse .rganic materiar availabre f.r theseprocesses. Therefirr

,,r CWD (v,,,,r ;;:; ::lililX,lly;l: LilJlifil;pine flat.
Fine litter (leaves, needles. twigs) is nrineralized anclfragmented r. snraller. parricles..-il;"; ;;.,,rnp.sition.Litter depth reflects the relative 

"nr,luni of nutrientsavailable lirr mineralization. Th...ft;;;, mean Iitrerdepth (V, ,,,) was assessed relative to the unaltered wetprne flat. As a cor
s parse q u a n r i r i e s 

" 
J i "il:: ili,t:.Jj, :il.i lli :,lll i Ifire-mainfained wet pine flats. H.r*.u.., these smalrsfocks are characteristic of nutrients thrt truu. t..npreviously released (Garren I943, Christensen l9tt7).Living plants assimilate inorgani. nr-rtri.n,, ancl oth_er elements released by decornfclsition. pl"n,, fiom allstrata (can()py trees, subcan.py trees and shrubs, seed_lings, herbaceous plantr) ..rntritrut. i,, ,r,i. process.Tree basal area indicates the relative arn()unt nutnentsand elements being incorporated in tree biomass; sub_

:_ur.rpy 
density indicates the arnount of biomass beingtncorporated in understory shrubs and trees; seedlingcover indicates the am()unt of bi<tmass berng inc<lr_porated in seedlings; an{ c<tver of t.rbs and grami_n<lids indicates the relative arnount ,rf bi,rars in.,r._porated in herbaceous plants. Therefirre, canopy basalarea (V,*,,,,), subcanopy density (Vr.u..), r..Uling .,ru".(Vr,,,.,,), and herbaceous cover (V,,*nr, * V,.,,,,,,) wereassessed relative to the unalte...t piir. fl"t.Our model firr ..Maintain 

Characte.i.rii. Nut.l.ntand Elemental Cycling processes,, is

:l(- * V.,,,,. * Vn,,,,,

) " u,,,,,
t/l

-l

Bccause the prescrnce ol'ditches afl.ects the exprersionof the three other hydrologic uo.i"t,t..r,'the model <lfthis function is structured such that the V,,, ,,. variablers used as a ntultiplier of the other factors antl thesquare root is taken fiom the resulting product. Thismakes the index zero if eirher nrulrifilu ,..nl scoresz.er('t.

(2) Moitttuitr C-lmrot.teri.stit. Nutrient atld Elententrtl(-t,L'ling prot.e.s.se.s, This i.unctitln ,"pr.r.nt, the capac_ity of an ec()system to nraintain nutiient and elernentalcycling pr()cesses characleristic of relatively unalteredwet pine flats. Cycling includes biotic and abiotic pro_cesses that convert elements fionr one firrm to another.For nutrients to be
rn a ss ( wh i cr, ..,nt"i7'.f.1;j:',i lil:,x- #j ::?1.:::;nrust be presL-nt. We assumed that living biomass in amature firrest is relatively stable ; i..., m'utrr. wet plneflats probably maintain a balance between carbcln input(net prirnary pnrduclion ) and ()utput (oxit.latron via fireatrd respiration by decomposerrl The tiv,ng carbonst()rage compartntent represents the capacity <lf an eco_system t() c()nvert atmospheric ca.b.rrr dioxide intoabove-ground plant biorlass, and in it",. p..r."rr, in_cr()rp()rate other elements into bi<lmass. With similarreas<lning, detritr-rs (litter and humus, fine woo<iy de_bris, snags, and coarse wclody debris) represents thenutrient pool available fbr minerulizution.'

The primary on_site elfect of this tunciion ls ro sup_ply nulrients retluired.for sustaining f i"lnf .".ponentsof the ec()system and maintain .tru.o.t.iistrc rates ofprimary production and decomposition, The prim:rryotf-site ef'fect is to pmvide a re.se.v.ri, fbr storing el_ements and nutrients that may be exported if not in_ternally cycled.

t'",J)[v,,*,,,,' +
l-.t-

,,* * Vrnr,' * V
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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 dectlmposing nutrient pools and then deter-

mine the average l'or both c()mpartments'

(-1 ) Maintuin Chctrat'teristic Plant Communitl'-' This

ft"n, .o*rrlunity function represents the capacity tlf

an ec()system Io marntain a plant community that is

characteristic of relatively unaltered wet pine flats'

Characteristic plant community is defined as a spe-

cies comptlsititln and structure of strata typical tlf

unalteredctlnditicrns.Regi<lnalclimate'geonrorphic
position, site-specific edaphic factors' competition'

herbivory, disease, disturbance' and chance combine

to contrtll plant-community ctlmposition' Sites that

are similar in these respects tend to have similar

composition. Hydrogetlmclrphic classiti.cation is one

way t() ensure that sites with the capacity to support

a similar ctlmmunity are assessed relative ttl their

potential.
on-siteetfbctsincluclemaintaininglclca|diversity

of flora and fauna and provicling propagules to ne:'rrby

wet pine flats. The primary off-site el-tbct is to help

mainiain regional anil global diversity of flora and fau-

na. Once extensive' natural wet pine flats are n()w ex-

tremely rare. As it consequence' they supp()fi a re-

markable number tlf rare and endangered plant and

animal sPecles.

Imp,r.irn." values (lV) are used extensively by

ecoltlgists to characterize plant ctlmposition and an-

alyzelcrmmunity structure (Barbour et al' 1980)' A

diiect comparison of compositional similarity be-

tweenanassessedsiteandthere|ativelyunaltered
wet pine flat would provide direct evidence on

whether the functitln is occurring in a site' Assessing

c<>mposition by stratum provides the mclst useful

comparison. This is fairly easily done for the canopy

and .subcanopy of wet pine flats' However' the her-

baceous stratum tlf fire-maintained' relatively unal-

tered wet flats is notecl for its extremely rich her-

baceous stratum. Sometirtres as lnany as 'l0 spectes

of forbs ancl graminoids inhabit a single I mr plot

(Walker and Peet 1983), ancl a large number of those

species are graminoids'
The taxonomic expertise required to identify herbs'

particularly graminoids, ancl their phenological vari-

utltity (particularly in flowering and fruiting)' prevent

a rapid assessment of herb composition' However' two

more rapidly measured diff'erences in the character of

the herb stratum were noted between altered and rel-

atively unaltered wet flats in our study sites: ( I ) 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 is

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 sclutheast, we would suggest that bio-

geographically focused lists of rare and comm()n spe-

ii"r U. ..r*pil"d fbr relatively unaltered flats and that

these lists be used to develop ret-erence standards for

assessing wet flats.

For the plant community function' composltlon or

canopy anil subcantlpy strata and avererge percent c()v-

er titr the herbaceous stratum were assessed relative to

relatively unaltered wet pine flats' Importance values

fbr canopy (V,.r,.') and subcanclpy (Vru',') species were

used to derive a Sorensen Index (Barbour et al' 1980)

fbr each stratum, weighted by importance value (lV)'

Sorensen's Inclex is a type of similarity inclex tlbtained

by summing IVs tbr each species that is c()mm()n t()

"ny 
,*..l sites being comparerJ' ln this case' assessed

,it., "." compared with the relatively unaltered wet

pine flat.
Forb and graminclicl cover were [leasured separately

because the proportitln of graminoid ctlver to tirrb cov-

er is higher in relatively unalterecl wet pine flats than

in altered flats or tire-suppressed sites in tlur study

area. The invasion of hardwtxrtls in stands protected

fiom tire and silvicultural nlanagement to maxintize

pine production reduces light penetratitln to the tirrest

floor, which in turn suppresses grirsses' and in some

lnstances, enc()urages firrbs' Therefirre' we decided

that a separate estimate of firrb and graminoid cover

woulrl be sufficient to detect differences between the

herb stratum t'rf altered and relatively unaltered wet

flats. Therefbre, forb ctlver (V,.,,,.,,) and graminoid cov-

er (V,'u,r11) were assessed relative to relatively unalter-

ed pine flats-
Our moclel fbr "Maintain Characteristic Plant Ctlm-

munity" is

lntlex ol'Function

i11)]
L

, Iv,,n^n,-|.+ (v'"','
\

Because canopy composition in wet pine flats is a de-

pendable indicator of the presence or absence of pe-

ioai.. Iow-intensity fire (the main controlling factor

clf 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 fbrbs into an herbaceous com-
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ponent, which is weighted equally with the subcanopy
composition variable.

(4) Maintain Churat.teristit. phv-siognomic Strttcture.
The physiognomic structure f'unction represents the ca_pacity of an ecosystem t() maintain habitat and struc-
tural characteristic typical of relatively unaltered wet
pine llats. physiognontic structure pertains to physical
or architectural I'eatures and not to flclral composition
per se, although each inflrrences the other. The nuntber
and types of strata. thcir heights, and general physical
characteristics of firrests have long be-en knclwn to be
important in affbcting the structure ancl cornposition of
animal communiries (Elton and Miller I9-53, MacAr_
thur and MacArthur 196 l, perry 1994). For example,
red-cockaded wtxrdpecker (pit.oides borettli.s Vieillot)
requires filrests with tall, living pines and an open
mid-story; almost any species of pine is acceptable (in_
cluding krblolly, longleaf pine, and pond pine) in pro_
viding suitable nest cavities (Copeyon 1990), as krng
as the rnidstory is also sparse (Van Balen and Doerr
l97u). Shade-intolerant herbs also require u sparse
can()py and understrlry. Relativcly unaltered wet pine
flats are noted firr their sparse tree tlensity, relativelv
<lpen canopies, dense herb layer, high grarninoi<l covei
and susceptibility to frequent fire. Many rare plants
and animals adapted to these conditions are restncted
to relatively unaltered wet pine flats. The primary on_
site eff'ects of this function are t() provitle shelter and
structure filr f'eeding, nesting, and reproductive behav_
ior of animals and essential rnicnrclirnatic c<lnditions
firr characteristic plant species. The primary otl_site
effbct is to maintain regional and gkibal biodiversity
of flrtra and launa. Because relatively unaltered wet
pine flats are s() rare, rnany rare and endangered spe_
cies inhabit these systems.

Canopy basal area in conjunction with can()py rree
density is generally useful in detern.rining maturity and
canopy structure <lf a firrest; older stands (under similar
clirnatic and edaphic constraints) generally p()ssess a
higher basal area and lower density r.rf tree* than youn_
ger firrests. Mature wet pine flats supp<trt larger, taller,
and f'ewer trees than less mature sites and sites manage<i
firr timber production. Therefilre, we determine<J rela_
tive canopy tree size by divicling stancl basal area by
stand density to obtain average trce diameter. We as_
sumed that tree diameter is positively related to tree size
and height. We then assessecl average tree diameter
(V,,,,n) relative to the relatively unaltered wet pine flat.

The density of canopy trees and subcanopy vege-
taticln indicates the relative openness of a fbrest can_
opy and midstory. More dense (closed) stands function
less eff'ectively in supporting habitat for plants that are
shade-intolerant or animals that require an open mid_
storl'. Therefbre, canopy tree density (Vrrr.-) and sub_

ca.nopy density (Vr.,",.) were assessed relative to therelatively unaltered wet pine flat. However, an index
score of 0.5 was as.signed to any site with a density
greater th.an l25o/o that of the relatively unaltererJ wetpine flat. The reason fbr 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 ,rp"n ,pu"" for nor_
mal behavioral requiremenrs. Suhcunopy density is
also generally sparse where fire is fiequent.

_ 
Herbaceous vegetation influences soil rnorsture con_

ditions, provides lbrage fbr herbivores, and provides
fuel firr fire. Low subcanopy biomass and sufficient gra_
minoid biomass to fuel l<tw_intensity fire are essential
tor maintaining an appnlpriate fire fiequency and inten_
sity. Many rare and endangered plants assocrated with
relatively unaltered wet pine flats are adapted to and
require fiequent fires kr elirninate competitors and com_
plete their lit'e cycles. Thus, pyrophytic tirrbs and grass_
es both influence and are modified by physrognomy in
relatively unaltered wet pine flat ec,rsystems. Herba-
ceous c()ver is i.r useful parameter firr comparing her_
baceous biornass am()ng sites. Therefirre, gramin<lid
cover (V,,,.,,n,) and forb cover (V,,,,,.,,) were assessecl rel_
ative to the unaltered wet pine flat.

Snags and coarse woody debris (CWD) provide shel_
ter, nesting, and f'eeding habitat for an array of inverle_
brates, nticnlbes, and small vertebrates lsalamanclers,
herptiles, and small ntammals). Large CWD can act asa l<tcalized barrier to low_intensity ground fires
(Schwartz 1907). However, snags and CWD can srnolder
tilr weeks after rain has darnpened a grass fire and can
re-ignite grasses when conditions again become thvora_
ble. Because fiequent fires burn snags and CWD, fire-
maintained mineral wet flats tend to contain less CWD
than fire-suppressed sites. Therefbre, we deterrnined that
the density of snags and volume of CWD woukl be use_
ful fbr assessing physiognomic structure. Thcrefilre, snag
density (Vrn,r,,) and volume of CWD (V,.*,,) were as_
sessed relative to the unaltered wet pine flat.

Our model frlr "Maintain Characteristic phvsioe_
nomic Structure" is

Index clf Function

: 
{"""^ 

* v.''"

n 
[(u.,", 

n [V,,u,.r, * Vu,,u,,l

l-- " -ltLl

V, r", .]) l,jl,l
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Table 7. predicted changes in ..Maintain characteristic Physiognomic Structure" function resulting fiom jetport constructlon

on a 50-year old pine plantation (site #g) and conducting restoration at two alternative sites: an agricultural field (sitc #20)

and a 26-year old pine plantation (site #5). All values predicted to occur five years afier initiating rest()ration. lndex of lunction

: (v,,,,. * V,,,n. + (v.r,r( * ((V,,p,rrr + vr.()RB)/2) * ((Vr^,r,'+ v,ryr,)/2))/3)/3'

Unaltered Wet
Pine Flat JetPort Site
(site #lO) Betbre ImPact

Agricultural
Jetport site Field Betbre
After Impact Restoration

Raw Indcx Raw Index

Pine Plantation
Beftrre

Restoratton

Pine Plantation
Afier

Restorattttn

Agricultural
Field After
Restoration

Variablcs Raw Index Raw Indcx Raw lndex Raw Indcx Raw Index

V,,,,,.i 0.28 I .0

Vr,,,.": 244 l0
Vr, ,,, r 12.550 I .O

V,,,.,.n,t 66.8 1.o

V,.,*ur 13.3 1.0

V.",r,,r 8.O 1.0

V,.rr,,i 2.01 1.0

Function
index: 1.0

Analysis of' altcrnatives:

Jetport impactr: 0.0 minus 0.75 : -0.75 (rcduction)

Restoration impact to PC croplandr: 0. l4 minus O.0 = 0'14

Compensation ratior: (0.75rc. 14) : 5.4: I

Rcstoration irnpac{ to pine plantationr:
Compcnsation rati()r: (0.75l0.40) : I

'('ltangc in i'uttctiott - post inlPact itrtlcr ttrintts l)rc ill)pacl ll)(lex ..1r--:-.:r;..t:....

0.25 0.9 0.0 0.0
286 l.o 0.0 0.0

13.314 1.0 0.0 0.0
4.1 0.1 0.0 0.o
0.0 0.0 0.0 0.0
0.o 0.0 0.o 0.0
0.0 0.0 0.0 0.0

0.7-s 0.0

0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

0.0

( lncreas(j )

0.0 0.0
0.0 0.0

6.963 0.-5

69.0 r.0
20.5 0.6
0.0 0.0
0.0 0.o

0.l4

o.22
403

I rJ.402

.10.o

2.t3

o.0
1.71

0.8
0.5
0.5
0.4
o. I

0.0
0.l.t

0.56

0.28
lr35

9.8(X)
70.0
20.5

tt.o
3.0

1.0

1.0

0.u
I.0
o.6
1.0

|.o

0.96

O.c)6 minus 0.56 =
.9: I

0.40 (incrcase)

signed to achieve compensatory mitigation within five

years.
We do not provide mitigatitln specificati()ns such as

the number of trees to plant, performance standards on

survivorship, ()r achievement ()f sh()rt-term projcct tar-

gets in any regulatory context. Rather, we assumed that

if appropriate specitications were met, the resttlrution

w()uld thereafier progress toward the ref'erence stan-

darcl c<lndition with natural successi()n and continued

fire management. The two c()mpensat()ry mitigation
options compared were ( | ) restoratit'rn using a wet flat

converted to agricultural production (site 20) and (2)

restoration using a wet flat c()nverted ttl a lobltllly pine

plantation (site -5).

Agricultural Field. Agricultural fields typically func-

tion poorly with respect to most wetland functions.

Data fbr the hypothetical agricultural field to which
we applied our alternatives analysis are typical fbr
cropland in southeastern North Carolina. These lields

have a relatively smooth surface (no microttlpographic
complexity), no litter layer, no vegetati()n, no c()arse

woody debris, and are effectively drained by dense

networks of clitches. Therefbre, all functions would
score zero prior to initiating restoration (Tables 2 and

_1 l.

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 thc relatively
unaltered wet pine flat, planting longleaf and ptlnd

pine at a density sufhcient to achieve a vegetative

compclsition similar t<t ret'erence standards itt nlaturity.
and instituting appropriate long-term fire-rnanagement.

Values used to predict conditions five years afier ini-
tiating restoration were based on field data fiom a five-
year-old loblolly pine plantation (site 2) that was an

altere<J natural wet flat, except thltt management during
restoration would be firr l<lngleaf and pond pine rather

than fbr loblolly pine. Increases in functions antici-
pated from c<lnducting the above restoration were pre-

dicted to range l'rom 0. 14 to 0.71 five years afier ini-
tiating restoration (Tables zt 7).

The hydrologic function (Table 4) wor-rld be ex-

pected to show the greatest increase (0.71) at the ag-

ricultural field site afier five years. This increase in

functioning would primarily be achieved by restoring

natural drainage to the site (i.e., the V,,,.,.,. variable

would increase fiom 0.0 to l.O). Therefirre' ()ur as-

sessment sh<lws that restoring natural drainage at the

agricultural field site would compensate firr the reduc-

tion in the hydrologic function caused by removing

vegetation (transpiration variables) at the jetport site.

This means that tcl compensate fbr the reduction in the

hydrologic tunction at the jetport site, one unit of land

would have to be restored tor each unit of land im-
pacted by construction (compensatory mitigation ratitl



Rheinhardt er a/., AppLyING REFERENCE DATA TO FUNCTIONAL ASSESSMENT 2tl= degree to which a function is reduced by jetportconstruction/degree tcl which a function is increasedby year -5 afier initiating ."ru,ruiion^I"().71/o.j l = 1.0,ratio : l:l). Of course, this ratio (l:l) assumes thatall.resrorarion objectives will be ;.,';; outlined above.
,The 

nutrien, .V:lilq function (Trbt; 5) was expecr_ed ro increase by {).27, primarily t..uur. appropriatevegetation would be establisheci and a hre regime fa_voring graminoids would be initiated. Howevel nei_ther living nor dead componenr.s 
-iri: 

nut.i.nt pu,rls;would be sufficiently developed in an agricultural field(based on sire 2 data) u, uji.u.-;;'r'Jr.er.. standarclsby year 5. Therefore, at least 1.9 units of the agricul_tural field site would have to U. ulf.r.rt.,f to restoration
,t":_.u..I .unit impactetl by jetport ..rn.rtru.t,.rn (O.-5 l/0.21 : l-9) ro cor
i n n u t r i err i ; ;;, ; J T;,:";.til,' ?;,: ^5: i' l..',.riT;:lmum c()mpensat()ry mitigation ratio needed to meet ano-net_loss in function <tbjective firr nutncnt cycling.The plant communiry ]unction ffuli" 6) was ex_pected to increase by 0.-30 afier five y"o., fr..urr. tt.site would be revegetated with upp.tri.iu,. species anda fire regime would be estabtis'heJ l.r' .n.,rr.age theappropriate c()ver of graminoids and fire_adaptedfilrbs. Even this modest increase in the ptant c()mmu_nity function would e()lnpen\ate tir. ;;.t expected re_duction in f unction anticipated fi r_ .l.rnrrructron be_cause the jetport site functione<.I scl poorly pnor t() itsalteration (0. l-5). This means tf,"t in'.r.A", t() c()mpen_sate fbr the reduction in plant .o__un,ry f.unctioncaused by jetport construction, rest<lration would haveto be perftrrmed on

rb r e ac h u n i t . *: tr,. 1ii iJ,'i,"I'uJ I fu1 iji' :,ii ffi i # i0.50. ratio : 0.-5: I ).
The physi.gnomic structure functi.n (.tabre l)wgyld be expected to increase ty 0. l+'nu. years afterinitiating restoration. We .xpeciea tnai this functionwould show the smallest increase, pri_u.,,y becausetree diameler, lree tle

u me c o u I d n.r be * *rll;' l,,i.li Tl.J ;XfJ"",'j: _ricultural site (thus, all variables *,,uiU'#expected toscore O.0). Based on 
,site 

2 clata, only forb and gra_minoid cover and subcanopy density woutit be ex_pected_lo show 1ny inc.er*.. B".,,rr* the.jefp<,rt sitewas a 5o-year-ord pine plantati.n, it rraa sutncient can-opy srructure to score relatively high (0.75) firr thishabitat function prior to impact. fnir, w" antrcipateda substanrial reduoion in tire habitat'furrction (O.j5)due to jetporr c()nslrucli()n un.t , minimal in...ur. inthe tunction (0.1.1) tive years afier initiating restoratl()nat the agriculrural field. This means ;;i-nn. wouldhave to allocate 5.4 trmes as much area t() restorationas thar impacted by jetport construction (.O.75/0.14 :
5.4, ratio : 5.4:l) to compensate fbr the reduction inhabitiat function anticipated i.orn .,rnri.u.non.

The above analysis shows that compensatory miti_gation ratios required to _.., n.r_n.i_loss objectivesdifTer for each f'unction. This ir; fortlf,fu. ro rhe mag_nitude to which each function u.*ri..t at the projectsite before impact and partly due to the inability of anagricultural tield to ...ou.. functions (relative to ref._erence standards) 
.within five years. Assuming resto_ration is successful, we expect in"ioil'irn.tions wouldachieve ref-erence.standarjs ( l.tt; nf..-ubout 60 years.However, afier initiating r.ri.r.u,iun l, un agriculturalsite, we do not expect any functictns that depend onthe presence of mature canopy trees t() tunction any_where near those of relatively un"fi.LJ'ri,es afier onlyfive years. Thar is why rhe hyd",l,;;i;lun-i.n sc.redhigh relative kr rhe other tun.tionri ii is; _.,.. depen_dent on the absence of drainage tt un'ti,. presence ofcan()py trees.

26-Yeur-Oltl pine plontttlrol. Function indices in the26-year-old lobtolly.pine pt"ntutl.,n i*ite 5) consideredfor resr.rari.n in thii stuiy range; ;,r; o.t6 to 0.621prior to initiating restorati<ln (Tables a_7). The26-year-ord pine prantati,rn ,".,n",r t,, tun.ti,rn ut umagnitude comparable to the p..r.y".i or jetport site(50-year-old pine planrari,_1, 
"*..pi-ii,. rn. physiog_nomic slructure lul

r u nc, i, r n s r.,_ . rr;.1; l:il IT ilil1,i;l'fi:i:iJlll:
structure (lndex : O.56 vs. 0.75) b..nri! rt had srnall_er and higher density of trees than the ,,lcle. pine ptan_tation and it entirely lacked CWD.

Restoring site -5 t. a naturar wet pine flat w<lurdrequire rendering nearby clitches ln.uioUf. of remov_lng water, culling small_diameter pines to Open the
f"-n py, creating a mosaic of open .space an<.t thinneclIobkrlly stands to minric patchiness'in relativety un_altered.longleaf pine wet flats, planting longleaf andpond pine seedlings in openings at a de-nsrty sutficientto reach rel'erence stantlards at rnaturity, flantrng wire_grass. creating trppropriule microtopographrc c0mple.l_lty (at ref'erence stantjard m"gnitu.t".li.,,.'surtace waterstorage, creating snags in the appropriate clensity by
iil9lrg some pines, crearing 

"n 
upp.,rp.iute vt,lurne ofCwD, ard initiating tong_t"erm d; ;;;g.menr. tn_creases in functions anticipated tiom conducting theabove restorati<ln were predicted to range tiom t).27 to0.40 afier five years (Tirbles 4_7).

. The hydrologic function (Table -l) was predictecl icrshow the least increase (0.91_0.64:0.27) eventhough natural drainage would be restored (V,,,,,. im_proved fi<lm O.5 to I.0). This is because lj,rr,.r. .on.rpytrees would have to be remctved to plant longleaf andpond pine (thus reducing the V,,.,,,- 
'ina.^^from 

1.0 to0.7), a condition that would ujue.rety alter site hy_Ot:l:gy. by reducing transpiration. In acldition, onlyminimal change could be obtained Uy ,.rto.ine ,ut_
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canopy density (Vr, 0,. from 0.8 to 1'0)' Because hy-

drologic improvement woulcl be minimal' 2'6 units of

pine plantation would have to be allocated to restoring

ttt. nyatot"gic tunction to site 5 fbr every unit of jet-

port constructed (0.7 11O.21 : 2'6, ratio : 2'6:l)'
The nutrient cycling function (Table 5) was expect-

ed to show an increase of 0'37 (0'91-0'54) irfier tive

years, about half the decline in the function anticipated

tiom jetport constructi(ln. This small increase in the

cycling i'unction is base<l on our prediction that ( | )

."n,rpy basal area tor the stand would decline in re-

,p,rn.r. to culling trees t() plant longleaf ancl ptlnd pine'

(i) becuure litter depth was already equivalent to the

ref-erence standard, it coulcl not be improved, (3) CWD

and snags could be increaserJ to ref'erence standards by

selectively f-elling trees, and (4) herbacettus' subcano-

py, and seedling ctlver could be increased by planttng

"n.t 
nl"n"glng the site with tire' Therefirre' I'zl units

ilf pine plantation would have to be allocated to res-

toration t() c()mpensate firr the reduction in this func-

tion due to jetport construction (0'51^)'37 : l'zl' ratitr

: l.z1:l).
The plant community function (Table 6) was pre-

dictecl to realize a 0.34 (0.-50-0. l6) increase atier five

years. This prediction is based on the assumption that

characteristic graminoid and herb cover ctluld be com-

pletely restored through planting and by mlnlging the

.it. *ith lire, and that subcan<)py c()mpositicln ctluld

be restorecl rapidly (most characteristic subcanopy spe-

cies are present in pine plantations' although their rel-

irtivc proporlions vary). Cantrpy comptrsilittn wirs pre-

dicteJ to be only 0. I that of ret'erence standard afier

tive years because planted ltlngleaf and pond pine

woulcl still be ttlo small t() meet our minimum lO-cm-

dbh size definition fbr trees.

The predicted O.34 increase in the plant community

function is slightly more than twice the reduction in

function (0. 15) anticipated fiom jetport c()nstruction'

Therefore, restoration of tlnly 0'4 unit t() natllral wet

pine flat would be required at site 5 to c()lnpensrlte fi)r

ihis reduction in tunction. Even this marginal increase

in the function w<lulci compensate fbr the jetport im-

pact because the functit-rn was ()perllting 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 tive years after initiating restoratiiln' thus real-

izing a moderate (0.40) increase (0'96-0'56 : 0'40)'

However, because ietport impacts wtluld 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

(0.7510.40 : 1.9, ratio : l'9:l)'
Note that frve years after initiating restoration' the

hydrologic, nutrient cycling, and physiognomlc struc-

ture tunctittns would all be expected to be operating

near reference standards (indices : O'91 to 0'96); i'e"

we expect that they would flnction similarly t<l rela-

tively unaltered wet pine flats. The nutrient cycling

and physiogntlmic structure functions would be similar

to ret-erence 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 thesc parameters could be

achievecl relatively quickly by .iust nranipulating the

site. Only plant-c()mmunity ctlmposition wtluld be ex-

pected to functitln at a low level relative to the unal-

iered condition. primarily because the planted longleal'

and pond pines wor'rld require decades t() gr()w t() nlil-

turity. Only at maturity would can()py composititrn be

expectecl to achieve reference standard'

In c<tmparing the potential of the two rcstorlttion

options to compensate filr .ietport impacts, we see thltt

both options would require r<lughly the sitme aln()unt

of land to restore the nr-rtrient cycling and plant com-

munity l'unclitrns. By rrpplying lcsl()ritti()n to :tn rtgri-

cultural field. less land would be required t() restore

the hyclrologic function and nlore land to restore the

physiognomic structure function than would be re-

quired using the 26-year-old pine plantation its a res-

toratittn site. However, applying rc'storation to the pine

plantation would bring all functions closer to ref'erenee

.standartls in the shortest period of tinle, particularly

lhe physiognomic structure functitrn'

DISCUSSION

In approaching assessment from an ecosystem per-

spective, ()ne can cletermine how alteratitlns atfbct eco-

system processes and what hls to be dtlne t() rest()re

an altered wetland to a fully l'unctioning. self-sustain-

ing ecosystem. For example. lack of c()arse wtlocly de-

bris (CWD) and snags in pine plantations results from

intensive extraction of those sites for timber; trees nev-

cr have a chance t() gr()w olcl' tlie, and decompttse'

Moreover, harvesting results in the export of elements

that would otherwise remain on site at ref'erence stlln-

dard levels. Therefbre' pine plantations do not function

at recycling nutrients in a manner characteristic clf rel-

atively unaltered wet pine flltts. Measures of CWD and

snags are usetul fbr assessing the relative degree to

which cycling processes have been altered and prtlvide

guidance on what can be dtlne to rest()re the decom-

posing porlion of the nutrient ptxll to conditions ex-

isting in intact wet Pine flats.

The two restoration optitlns we discussed in this

stu<ly (applying restoration to an agricultural lield 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 sitewould not be expected to show -.i.t, ,r.r.tural resem-

iH;;, :",iJ:l:iliYdi,** :: %' ff Tk:#iby m.anipulating the physiognomf oi tfr. loblolly pinesite, its functions could be irr,rr"a io l.u"r, indicariveo1'rhe relatively unaltered wet pine flat (index : 0.96)within only -5 years. This l, U..our. the site alreadyhad a 26-year_old fbrest 
"n ir tha; ;;rr"rr..l srructure(lndex : 0.56) that would take the agricultural field26 years to achieve. If we had failei to assess thephysiognomic structure function, we would havemissed an imprtrtant piece of the ecologrcal picture ofthe system ancl ou

ti on impac ts *,, u i,i il:l'Jilil';i nj::' 
and rest.ra-

Although the ultimate gclal of ..r,,r.o,,,rn set fbrthin the. HGM appnrach is ttiachieve;i;;;r.. srandarclslor all functions, no re.storation pr<tject is likely to re_store all functions.at the ,u_. *t."1os shown by dif_t'ering restoration impu.t, in f,,t,i., i_)f, nor wouldany given lunction.be restored at the sarne rate amongcompeting restoration alternatives (as shown by dif_t'erences between the tw() restoraticrn'alt".nut,ue, .lir_
:::::i f 

n. jntr paper). That is *r,y .,,,r,f.nsarory mir_lgatl()n ratios required to lchisy. , n,r-n.t_l.ss_in_func_tion objective vary am()ng the f.ur functi.ns and thetw() rest()ration alternarives used tor illustration in thisstudy.
An<lther issue that afl-ects a no_net_loss_in_function

objective is the loss of functions .^f..,..f between thetime a prrject is initiated and the ;il;; which crm-pensatory mitigation is achieved (defined as year 5 inour study). Loss of functions usually ,r..u., rmmedi_ately..afier a project is initiatecl; .".,ru..f of functionsusually progresses gradually over time. iherefore, un_less restoration is iniriated prior ,., p;;j.;; rmpacs (inthe above scenario, five years .u.li.ri- ln.reases infunction w<luld fail to compensate fitr reductions infunctioning accrued between p.,;;.; i-;acr and as_sessment of the restoration site. HJweveq ,hi. lor, _oybe compensated <lver the long t".- U..oure functionswould continue to increase in magnitude fi<tm time ofinitial post-restorati<t
tem maturiry, ut *r,i.i il'.LT:iJ":t'fflfiff:y,;*
be achieved. This is particularly true fbr ]b.".,.0 *.r_lunds. lirr which suc
many clecaires. 

lccr-SLJll to maturity occurs over

Because restorati<ln ratios do not dictate specitic ac_tions, all the above issues should be considered when
::q"rii:i"g fbr an appropriare .,r-p"nru,ory miriga_tron ratio firr a specific restoration project or in settingregional poticy. For examp_le, if water-quolrty i. gi,u.npriority, then one might cho's" ..rro*,ion sites thatmaximize the recovery of hydrologic funcirons in theshortest time. However, if recovery-"i.rJ""gered spe-

cies habitat is assigned priority, then one rnrght choosea restoration alternative that would lead to ...ou".y uihabitat-related functions in the .to.,.r, time. In anycase, the main objective of HGM assessment ls to re_store wetland ecosystems, not individuar funcri.ns.In summary, the HGM urr.rr_.n, procerJure ap_plies basic knowledge of ecosystem, i,, .upiAf y assesswetland functions. It was designed u, oi.r,rl to improvethe application of science ,., if,. .ono*._.n, <tf wet_land resources. The key elemen, ,;il'. HGM proce_dure is that all model variables u.. ina.^.,f relative tostandards derived fiom intact natural ecosysterns trf theappropriate regional HGM_type, the assumptron beingthat mature, relatively unali.reA ..,l'srrr.,rx functionat a magnitude that is sustainable in the absence ofsevere perturbation. In doing this, direct rneasurementsof.ecol<lgical processes need not be measured; oneonly needs to me:rsure field parameters controlled bysuch processes. Using metric.s tiom intact ec()systemsalso provides stant.lartls fbr restoring w.tfunA ec()sys_tems; it therefitre requires that ec<lsy-.stems, not Just in_dividual functions, be restored.
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