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FOREWORD

INn 1999, the U.S. Environmental Protection Agency (EPA) began work onthis seriesof reportsentitied
Methodsfor Evaluating Wetland Condition. The purpose of thesereportsisto help Statesand
Tribesdevelop methodsto evaluate (1) the overall ecological condition of wetlandsusing biological
assessmentsand (2) nutrient enrichment of wetlands, whichisoneof the primary stressorsdamaging
wetlandsin many partsof the country. Thisinformation isintended to serve asastarting point for States
and Tribesto eventualy establish biological and nutrient water quality criteriaspecificaly refined for
wetlands.

This purposewasto be accomplished by providing aseriesof “ state of the science” modulesconcerning
wetland bioassessment aswel | asthe nutrient enrichment of wetlands. Theindividua moduleformat
was used instead of onelarge publication to facilitate the addition of other reports aswetland science
progressesand wetlandsarefurther incorporated into water quality programs. Also, thismodular
approach alows EPA to revisereportswithout having to reprint themall. A list of theinaugural set of
20 modules can befound at theend of thissection.

Thisseriesof reportsisthe product of acollaborative effort between EPA’'sHealth and Ecological
CriteriaDivision of the Office of Scienceand Technology (OST) and the Wetlands Division of the
Office of Wetlands, Oceans and Watersheds (OWOW). Thereportswereinitiated with the support
and oversight of ThomasJ. Daniel son (OWOW), AmandaK. Parker and Susan K. Jackson (OST),
and seen to completion by Douglas G Hoskins (OWOW) and IfeyinwaF. Davis(OST). EPA relied
heavily on theinput, recommendations, and energy of severa panelsof experts, which unfortunately
havetoo many memberstolistindividudly:

[ | Biologica Assessment of Wetlands\Workgroup
| WetlandsNutrient CriteriaWorkgroup

Moreinformation about biological and nutrient criteriaisavailableat thefollowing EPA website:
http:/Aww.epa.gov/ost/standards

Moreinformation about wetland biol ogical assessmentsisavailableat thefollowing EPA website:
http:/Avww.epa.gov/owow/wetlands/bawvwg
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SUMMARY

&iue and Tribal monitoring programs
ould be designed to assess wetland condi-
tionwith satistical rigor whilemaximizing available
management resources. Thethree study designs
described in thismodule—stratified random sam-
pling, targeted/tiered approach, and before/after,
control/impact (BACI)—allow for collection of a
ggnificant amount of informationfor Satidticd andy-
seswithrdativey minimd effort. Thesampling de-
sgn selected for amonitoring program will depend
on the management question being asked. Sam-
pling efforts should be designed to collect informa:
tionthat will answer management questionsinaway
that will allow robust statistical analysis. 1naddi-
tion, Stesdection, characterization of referencegtes
or systems, and identification of appropriateindex
periodsareall of particular concern when selecting
an appropriate sampling design. Careful selection
of sampling design will dlow the best use of finan-
cid resourcesand will resultinthecollection of high-
quality datafor evauation of thewetland resources
of aStateor Tribe. Examplesof different sampling
designscurrently inusefor State and Tribal wet-
land monitoring are described in the Case Study
(Bioassessment) module and on http://
www.epa.gov/owow/wetlands/bawwg/case.html.

PURPOSE

he purpose of thismoduleisto providetech-

nical guidance information on designing
effectivesampling programsfor Stateand Triba wet-
land water quality monitoring.

INTRODUCTION

etlands areincluded aswaters of the United
States in the Federal regulations (40 CFR
122.2, 40 CFR 230.3, and 40 CFR 232.2) imple-
menting the Clean Water Act [Section 502(7)].
Wetlands areimportant waterbodies; they can pro-

vide many functionsthat are beneficia tothelocal
landscape, for example, water storage, water qual-
ity improvement, and wildlifehabitat. Wetlandsare
asovauableasecosystemsinther ownright, pro-
viding carbon storage, biogeochemicd transforma:
tions, and aquifer recharge (Mitsch and Gossdlink
1993). However, few States or Tribes (only six
Statesand Tribesreported attainment of designated
usesinthe“Nationd Water Quality Inventory 1996
Report to Congress’) include wetland monitoring
intheir routinewater quality monitoring programs
(U.S. EPA 1996, 1998). Yet, wetland chemical
and biological water quality monitoring dataare
scarceto nonexistent in many Statesand most Fed-
era databases. Theneed for water quality moni-

toring dataon wetlandsisobvious; the vast major-
ity of dataabout wetlandsare collected inrelation
to dredgeand fill permitting. Indeed, only 4% of
the nation’ swetlands were surveyed and only 11
Statesand Tribesreported information concerning
wetland designated use attainment in the* National

Water Quality Inventory 1998 Report to Congress’

(U.S. EPA 1998). Thismoduleisintended to pro-
videguidanceto State and Triba water qudity man-
agerson designing wetland monitoring programsto
beincluded asapart of their routinewater quality

sampling.

Most States and Tribes will need to begin wet-
land monitoring programsto collect water quality
and biological data (U.S. EPA 1990). The best
monitoring programs are designed to assess wet-
land condition with statistical rigor while maximiz-
ingavailablemanagement resources. Atthebroadest
level, monitoring shouldincludethefollowing:

B Detecting and characterizing the ambient condi-
tion of existing wetlands

B Describing whether wetland conditionisimprov-
ing, degrading, or staying the same

B Defining seasond patternsin wetland conditions

B |dentifying thresholdsfor system stressors, that
is, how much the system can be disturbed with-



out causing unacceptable changesinwetland sys-
tem quality or degradation of beneficia uses.

Water quality monitoring programs at the State
and Tribal level are often poorly and inconsistently
funded or areimproperly designed and carried out,
making it difficult to collect asufficient number of
samplesover timeand spaceto identify changesin
system condition or to estimate average conditions
with statistical rigor. Three approachesto study
design for assessing water quality aswell asbio-
logical and ecological condition and for identifying
degradationin wetlands are described inthismod-
ule. Specificissuesto consider in designing moni-
toring programsfor wetland systemsareaso dis-
cussedinthismodule. Thestudy designspresented
can betail ored tofit the specific god sof monitoring
programs. The assemblage-specific moduleswill
discussdetailed sampling consderations.

Thethree approaches described—stratified ran-
dom sampling; targeted/tiered approach; and
BACl—present study designs that alow oneto
obtain aggnificant amount of information withrela-
tively minimal effort. Stratified random sampling
beginswith alarge-scaerandom monitoring design
that is reduced as the wetland system or habitat
conditionsare characterized. Thisapproachisused
to find the mean condition of each wetland class, or
type, inaspecific region. Stratified random sam-
pling designisfrequently used for new large-scale
monitoring programsat the State and Federd level
(e.g., the Environmental Monitoring and Assess-
ment Program, the Regional Environmental Moni-
toring and Assessment Program, and State pro-
gramsin Maine, Montana, and Wisconsin). The
tiered or targeted approach to monitoring begins
with coarse screening and proceeds to more de-
tailed monitoring protocols asimpaired and high-
risk sysemsareidentified for further investigation.
Targeted sampling design providesatriageapproach
to identifying wetland systemsin need of restora-
tion, protection, and intensive management. Sev-
erd Statepilot projectsusethismethod or amodi-

fication of thismethod for wetland assessment (e.g.,
Florida, Ohio, Oregon, and Minnesota). Thesyn-
optic approach described in Kentulaet a. (1993)
uses a modified targeted sampling design. The
BACI design and itsmodifications are frequently
used to assessthe success of restoration effortsor
other management experiments. BACI design al-
lowsfor comparisonsinsmilar systemsover time
to determine the rate of change in relation to the
management activity, for example, to assessthe suc-
cess of a wetland hydrologic restoration.
Detenbeck et al. (1996) used BACI design for
monitoring water quality of wetlandsintheMinne-
apoligSt. Paul, Minnesota, metro area.

Monitoring programs should be designed to an-
swer questions such as how, when, where, and at
what levels do unacceptabl e wetland conditions
occur? Thesequestionsareinterrelated, and awell-
designed monitoring program can contributeto an-
swering them. Sampling design is dependent on
the management question being asked. Sampling
effortsshould bedesigned to collect information that
will answer the management question. For example,
dratified random sampling might be good for ambi-
ent monitoring programs, BACI for evauating res-
toration, and targeted sampling for developing an
Index of Biological Integrity or nutrient criteria
thresholds. Infact, some State programswill likely
need to use acombination of approaches.

CONSIDERATIONS FOR
SAMPLING DESIGN

DESCRIBING THE MANAGEMENT
QUESTION

Clearly defining the question being asked (identi-
fying the hypothesi s) encouragesthe use of appro-
priate statistical analyses, reducesthe occurrence
of false-pogitive (Typel) errors, and increasesthe
efficient use of management resources (Suter 1993,
Lelbowitzet al.1992, Kentulaet a. 1993). Begin-



ning astudy or monitoring program with carefully
defined questions and objectives hel psto identify
the datisticd andysesmost gppropriatefor thestudy
and reducesthe chancethat statistical assumptions
will be violated. Management resources are opti-
mized because resources are directed at monitor-
ing that ismogt likely to answer management ques-
tions. Inaddition, defining the specific hypotheses
to betested, carefully sdlecting reference sites, and
identifying themost useful samplinginterva canhelp
reduce the uncertainty associated with theresults
of any sampling design aswell asfurther conserve
management resources (Kentulaet al. 1993).

SITE SELECTION

Site selectionisarguably the most important task
indevel oping amonitoring program (Kentulaet d.
1993). Site selectionfor amonitoring programis
based on the need to sample ardatively large num-
ber of wetlandsto establish the range of wetland
quality inaspecific regional setting. Protecting or
improving the qudity of awetland system often de-
pends on the ability of the monitoring program to
identify dose-response relationships, for example,
therelationship of nutrient concentration (dose) to
periphyton abundance (response). Dose-response
relationships can beidentified using large sample
sizes and systems that span the gradient (low to
high) of wetland quality. All rangesof responses
should be observed dong thedosing gradient from
low levelsto high levelsof human disturbance. In
addition, wetland monitoring frequently requiresan
analysisof both watershed/|andscape characteris-
ticsand wetland-specific characteristics (Kentula
et al. 1993, Leibowitz et a. 1992). Therefore,
wetland sampling sites should be selected on the
basisof land usein theregion so that watersheds
rangefrom minimally impaired with few expected
stressorsto high levelsof development (e.g., agri-
culture, forestry, or urban) with multiple expected
stressors (see Module 17: Land-Use Character-
izationfor Nutrient and Sediment Risk Assessment).
Establishing dose-response relationships may be

confounded dueto timelags between stressor oc-
currenceand biologica or functiond response. The
duration of the timelag between stressor and re-
sponse dependson many factors, including thetype
of stressor, climate, and system hydrology. These
factors should be considered when sel ecting wet-
land sitesto establish the range of wetland quality
withinaregion.

The synoptic approach described in Leibowitz et
al. (1992) providesamethod of rapid assessment
of wetlands at the regional and watershed levels
that can help identify the range of wetland quality
withinaregion. Leibowitz et d. (1992) recommend
aninitia assessment for Site selection based on cur-
rent knowledge of watershed- and landscape-level
features, modification of such an assessment can
be made as more data are collected. Assessing
watershed characteristics through the use of aerial
photography and geographica information systems
linked to natural resource and land-use databases
canadinidentifying reference and degraded sys-
tems(seeModule 17: Land-Use Characterization
for Nutrient and Sediment Risk Assessment)
(Johnston et d. 1988, 1990, Gwinet d. 1999, Palik
et al. 2000). Some examples of watershed char-
acteristicsthat can be evaluated using aerial pho-
tography and geographica information systemsin-
cludeland use, land cover (including riparian veg-
etation), soil, bedrock, hydrography, and infrastruc-
ture (e.g., roadsand railroads).

IDENTIFYING AND CHARACTERIZING
REFERENCE WETLANDS

Theterm“reference’ inthismodulereferstothose
systemsthat areleast impaired by anthropogenic
effects. Thisterm can be confusing because of the
different meaningsthat are currently inusein differ-
ent classification methods (particularly in
hydrogeomorphic wetland classification). A dis-
cussion of the term “reference” and its multiple
meanings is provided in Module 7: Wetlands
Classfication.



Watershedswith little or no devel opment that re-
caiveminima anthropogenicinputscould potentidly
contain wetlandsthat would serveasminimaly im-
paired reference stes. Watershedswith ahigh per-
centage of the drainage basin occupied by urban
areas, agricultural land, and altered hydrology are
likely to contain wetlandsthat areimpaired or could
potentially be considered “at risk” for devel oping
problems. Wetland loss in the landscape should
al S0 be cons dered when assessing watershed char-
acteristics for reference wetland identification.
Biodiversty can becomeimpoverished dueto wet-
land fragmentation or decreasesin regional wet-
land density, even in the absence of site-specific
land-use activities. Reference wetlands may be
moredifficult tolocateif fragmentation of wetland
habitatsissgnificant, and they may nolonger rep-
resent the biodiversity of minimally disturbed wet-
landsin theregion. The continued high rate of wet-
land loss in most States and Tribes requires that
multiple reference sites be sel ected to ensure some
consgency inreference stesfor multiple-year sam-
pling programs (Leibowitz et al. 1992, Kentula et
al. 1993). Oncethewatershed level hasbeen con-
sidered, amore site-specific investigation can be
initiated to better assesswetland condition.

Potential reference wetlands should be charac-
terized to dlow for theidentification of appropriate
reference wetland systems. Appropriatereference
steswill have amilar soils, vegetation, hydrologic
regimes, and landscape settingsto other wetlands
intheregion (Adamus 1992, Leibowitzet . 1992,
Kentulaet d. 1992, Detenbeck et a. 1996). Clas-
sification of wetlands, asdiscussed in Module 7:
Wetlands Classification, will aid inidentifying ap-
propriatereferencewetlandsfor specificregionsand
wetland classes. Wetland classification should be
supplemented withinformation on hydroperiod and
flood frequency to ensure that the selected refer-
encewetlands aretruly representative of wetlands
intheregion, class, or subclassof interest. Refer-
ence wetlandsmay not beavailablefor al wetland
classes. Inthiscase, datafrom systemsthat areas
close as possible to the assumed unimpaired state

of wetlandsin thewetland class of interest should
be sought from within the same geol ogic province.
Development of aconceptud referencemay benec-
essay if appropriate reference stescannot befound
intheloca region or geologic province. Techniques
for defining aconceptual reference are discussed at
lengthinHarriset al. (1995), Trexler (1995), and
Tothetal. (1995).

Referencewetlandsshould be sdected onthebasis
of low levelsof human dterationintheir watersheds
(Leibowitz et al. 1992, Kentulaet al. 1993, U.S.
EPA 2000). Sdlecting reference wetlandsusualy
involvesthe assessment of land use within water-
shedsaswell asvidtstoindividua wetland systems
to ground-truth expected land use and check for
unsugpected impacts. Ground-truthing visitsto ref-
erencewetlandsarecrucid for theidentification of
ecologicd imparment that may not begpparent from
land-useand locd habitat conditions. Again, asuf-
ficient sample sizeisimportant to characterizethe
range of conditionsthat can be expected in theleast
impacted systems of theregion (Detenbeck et al.
1996). Referencewetlandsshould beidentified for
each ecoregion or geological provincein the State
or Triba lands and then characterized with respect
to ecological integrity. A minimum of threelow-
impact reference systemsisrecommended for each
wetland class for statistical analyses. However,
power analysis can be performed to determinethe
degree of replication necessary to detect animpact
to the systemsbeing investigated (Detenbeck et d.
1996, Urquhart et al. 1998; see also http://www.
mpl-pwrc.usgs.gov/powcaseindex.html). Highest
priority should begiventoidentifying referencesys-
temsfor thosewetland classesconsidered to be at
the greatest risk from anthropogenic stress.

WHEN TO SAMPLE

Sampling may be targeted to the period when
problemsare most likely to occur—theindex pe-
riod. Theappropriateindex period will be defined
by what theinvestigator istrying to investigate and



by what taxonomic assemblage or parametersare
being used for that investigation (Barbour et al.
1999). For example, increased nutrient concen-
trations and sedimentation from nonpoint sources
may occur following periodsof high runoff during
the spring and fall, whereas point sources of nutri-
ent pollutants may cause plankton bloomsand/or
increased water and soil nutrient concentrationsin
wetland poolsduring timesof low rainfall. Hence,
different index periodsmay be needed for nonpoint
source and point source nutrients. Each taxonomic
assemblage studied will aso have an appropriate
index period—usually in the growing season (see
assemblage methodsin the Minnesota case study:
http:/Amww.epa.gov/owow/wetl ands/bawwg/case/
mnl.html). Theindex period window may beearly
in the growing season for amphibians and algae.
Other assemblages, such as vegetation and birds,
may require adifferent sampling window for the
index period (seethe assemblage-gpecific modules
for recommendations). Oncewetland condition has
been characterized, one-time annua sampling dur-
ing the appropriate index period may be adequate
for multiple-year monitoring of indicators of nutri-
ent gatus, designated use, and bioticintegrity. How-
ever, criteriaand ecological indicator devel opment
may require morefrequent sampling to definecon-
ditionsthat relate to the stressor or theimpact of
interest (Karr and Chu 1999, Stevenson 1996,
1997).

Ideally, water quality monitoring programs pro-
ducelong-term data sets compiled over multiple
yearsto capture the natural, seasonal, and year-to-
year variations in biologica communities and
waterbody constituent concentrations (Tate 1990,
Doddset a. 1997, McCormick et a. 1999). Mul-
tiple-year data sets can be anayzed with Satistical
rigor to identify the effects of seasondlity and vari-
ablehydrology. Oncethe pattern of natura varia-
tion has been described, the data can be analyzed
to determinethe ecologica state of the waterbodly.
L ong-term data sets have also been important in
influencing management decis ons about wetlands,

most notably in the Everglades, wherelong-term
data sets have induced Federal, State, and Tribal
actionsfor conservation and restoration of thelarg-
est wetland systemin the United States (see Davis
and Ogden 1994, Redfield 1999, 2000, 2001,
1994 Everglades Forever Act, Florida Statute
§373.4592).

Inspite of the documented va ue of long-term data
sets, there is a tendency to intensively study a
waterbody for 1 year beforeand 1 year after treat-
ment. A more cost-effective approach would be
to measure only theindicesmost directly related to
the stressor of interest (i.e., those parameters or
indicatorsthat provide the best information to an-
swer the specific management question), but to
doubleor triplethemonitoring period. Two or more
years of data are often needed to identify the ef-
fectsof yearswith extreme climatic or hydrologic
conditions. Comparisonsover time between refer-
enceand at-risk or degraded systemscan help de-
scribe biological response and annual patternsin
the presenceof changing climatic conditions. Long-
term datasetscan dso hel p describeregiona trends.
Flooding or drought may significantly affect wet-
land biological communitiesand the concentration
of water column and soil constituents. Effects of
uncommon climatic events can be characterized to
discern the overall effect of management actions
(e.g., nutrient reduction and water diversion) if sev-
era yearsof dataare availableto identify thelong-
termtrends. Atthevery minimum, 2 yearsof data
beforeand 2 after specific management actions, but
preferably 3 or more each, are recommended to
evaluate the cost-effectiveness of management ac-
tions with some degree of certainty (U.S. EPA
2000). If fundsarelimited, restricting sampling fre-
quency and/or numbersof indicesanalyzed should
be considered to preserve a long-term data set.
Reducing sampling frequency or numbers of pa-
rameters measured will allow for effectiveness of
management approachesto be assessed against the
highannud variability that iscommon in most wet-
land systems. Wetlandswith highhydrologica varia-



tion from year to year may require more years of
sampling before and after mitigation proceduresto
identify the effects of the natural hydrologic vari-
ability (Kadlec and Knight 1996).

Using the BACI study design may aso provide
subgtantia benefit for determining the effectiveness
of management activities. Tracking both reference
(control) and impacted systemswithin aregion over
timewill help determine the rate and direction of
changein monitored systemsregardless of system
variability. TheBACI desgn may requiremorefre-
quent monitoring of reference systemsthan issug-
gested for random or targeted designs, but it would
allow useful comparison of system changeregard-
lessof variability (Detenbeck et al. 1996).

Characterizing precision of estimates
Estimates of dose-response relationships, nutri-
ent and biological conditionsin reference systems,
and wetland conditionsin aregion are based on
sampling, hence precision must be assessed. Pre-
cisonisdefined as“measure of thedegree of agree-
ment among thereplicateandysesof asample, usu-
ally expressed asthe standard deviation” (Eaton et
al. 2000). Determining precision of measurements
for one-time assessmentsfrom singlesamplesina
wetland is often necessary. The variation associ-
ated with one-timeassessmentsfromsnglesamples
can often be determined by resampling aspecific
number of wetlands during the survey. Measure-
ment variation among replicate samples can then
be used to establish the expected variation for one-
timeassessment of anglesamples. Resampling does
not establish the precision of the assessment pro-
cess, itidentifiesthe precision of anindividua mea
surement (Kentulaet al. 1993). Resampling fre-
guency isoften conducted for onewetland sitein
every block of 10 sites. However, investigators
should adhereto the objectives of resampling (of -
ten considered an essential element of quality as-
sessment/quality control) to evaluate the variation

inaone-timeassessment fromasnglesample. The
larger the sample size, the better (smaller) will be
theestimate of that variation. Often, morethan1in
10 samplesneed to bereplicated in monitoring pro-
gramsto provide areliable estimate of measure-
ment precision (Barbour et a. 1999).

SAMPLING PROTOCOL

APPROACHES TO SAMPLING DESIGN

Three approachesto sampling design—stratified
random, targeted design, and BACl—have advan-
tagesand disadvantagesthat under different circum-
stances warrant the choice of one approach over
the other (Table 1). The decision asto the best
approach for sample design in anew monitoring
program must bemade by thewater qudity resource
manager or management team after carefully con-
sdering different goproaches. Judtification of adose
response rel ationship isconfounded by lack of ran-
domization and replication, and must be consdered
in choosing asampling design for amonitoring pro-
gram. Direct identification of acause-responsere-
lationship isnot possiblein observationd (monitor-
ing) studies. However, inferencesof causality can
beargued if appropriateinformation is collected.
Beyers(1998) describesassembly rulesfor causal
arguments that can be used to infer causality for
stressors of interest. The number of sitesto be
sampled and the sampling frequency aredetermined
by the type of sampling design chosen by there-
source managers. Power analyses can beused to
help makethisdecision by estimating the number of
sitesto be sampled and replicates needed to pro-
duceadatigticaly sgnificant result. TheU.S. Geo-
logical Survey providesan excellent website that
can ass &t theresource manager in determining the
number of sitesand replicates needed to produce
the desired analytical power for aparticular sam-
pling design: http://www.mpl1-pwrc.usgs.gov/
powcase/how.html.



TABLE 1: COMPARISON OF STRATIFIED RANDOM, TARGETED, AND BACI

SAMPLING DESIGNS

STRATIFIED RANDOM

TARGETED

BACI

Random selection of wetland systems
from entire population within a
region.

This design requires minimal prior
knowledge of wetlands within the
sample population for stratification.

This design may require more
resources (time and money) to
randomly sample wetland classes,
because more wetlands may need to
be sampled.

System characterization for a class of
wetlands is more statistically robust.

Rare wetlands may be under-
represented or absent from the
sampled wetlands.

This design is potentially best for
regional characterization of wetland
classes, especially water quality
conditions are not known.

Targeted selection of wetlands based
on problematic (wetland systems
known to have problems) and
reference wetlands.

This design requires prior knowledge
of wetlands within the sample
population.

This design utilizes fewer resources
because only targeted systems are
sampled.

System characterization for a class of
wetlands is less statistically robust,
although characterization of a
targeted wetland may be statistically
robust.

This design may miss important
wetland systems if they are not
selected for the targeted
investigation.

This design is potentially best for
site-specific and watershed-specific
criteria development when water
quality conditions for the wetland of
interest are known.

Selection of wetlands based on a
known impact.

This design requires knowledge of a
specific impact to be analyzed.

This design utilizes fewer resources
because only wetlands with known
impacts and associated control
systems are sampled.

Characterization of the investigated
systems is statistically robust.

The information gained in this type
of investigation is not transferable to
wetland systems not included in the
study.

This design is potentially best for
monitoring restoration or creation of
wetlands and systems that have
specific known stressors.

STRATIFIED RANDOM
SAMPLING DESIGN

Probabilistic sampling—a sampling processin
which randomnessisarequisite (Hayek 1994)—
can be used to characterize the status of water qual-
ity conditionsand bicticintegrity inaregion’ swet-
land systems. Thistypeof sampling designisused
to describe the average conditions of a wetland
popul ation, identify the variability among sampled
wetlands, and to help determine the range of wet-
land system conditionsin aregion. However, the
datacollected from aprobabilistic random sample
designwill generdly be characteristic of thedomi-
nant class of wetland intheregion, and rare wet-
lands may be underrepresented or absent fromthe

probabiligicaly sampledwetlands. Additiond sam-
pling Stesmay need to be added toincludethecom-
pleterange of wetland conditionsand classesinthe
region.

Probabilistic desgnsare often modified by Strati-
fication (such asclassification). Stratification, or
gratified random sampling, isatype of probability
samplinginwhich atarget populationisdividedinto
relatively homogenousgroups (strata) before sam-
pling based on factorsthat influence variability in
that population (Hayek 1994). Analysisof vari-
ance can be used to identify statistically different
parameter meansamong the sampling strata. The
drataarethe anayssof variancetreatments (Poole



1972). Theresult of collecting and assessing water
quality and biotic responseswith astratified ran-
dom sampleis, presumably, an unbiased estimate
of the descriptive satistics (e.g., means, variances,
modes, and quartiles) of al wetlandsin astratum.
Stratification by wetland size and class provides
moreinformation about different types of wetlands
withinaregion. Sample statisticsfrom random se-
lection alone would be most characteristic of the
dominant wetland classinaregionif thepopulation
of wetlandsisnot stretified.

Many State 305b and watershed monitoring pro-
grams use dratified random sampling designs, for
example, Maine, Montana, and Wisconsin pilot
projectsusethisdesign. Detailsof these monitor-
ing designs can befound in the Module 14: Case
Studies (Bioassessment) and at http://
www.epa.gov/owow/wetlandsbavwg/index.html.
Stratification is based on identifying wetland sys-
temsin aregion (or watershed) and then selecting
an gppropriate sample of systemsfrom the defined
population. The determination of an appropriate
sample population depends on the management
questionsbeing asked. A sample population of iso-
lated depressiona wetlandscould beidentified asa
sgngle stratum, but investigations of these wetlands
would not provideany information on riparian wet-
landsinthesameregion. If thegoa of themonitor-
ing programistoidentify wetland condition for all
wetland classes within a region, then a sample
popul ation of wetlands should berandomly sdected
from all wetlands within each class. In practice,
most State and Tribal programs stratify random
populationsby size, wetland class (seeModule 7:
Wetlands Classification), and landscape character-
isticsor location (see http://mwww.epa.gov/owow/
wetlands/bawwg/case/me.html, http://www.
epa.gov/owow/wetlandsbanvwg/case/wahtml, and
http:/Amww.epa.gov/owow/wetl ands/bawwg/case/
wilhtml).

Once the wetlands for each stratum have been
selected, the sample population is often modified

by deleting systemsthat aretoo closeto other wet-
landsto be different, thereby reducing redundant
collection efforts. For example, the Environmental
Monitoring and Assessment Program limitsredun-
dant collection efforts by applying aregular (hex-
agonal) gridto amap of thearea. Sampling sites
arechosen by randomly sdlecting grid cellsand ran-
domly sampling wetland resourceswithin the cho-
sengrid cells (Paulsen et al. 1991). Estimates of
ecologicd conditionsfrom these kinds of modified
probabilistic sampling designs can be used to char-
acterizethewater quality conditionsand biological
integrity of wetland systemsin aregion and, over
time, to distinguish trendsin ecological condition
withinaregion (seehttp:/AMww.epa.gov/owow/wet-
lands/bawwg/case/mtdev.html and http://
www.epa.gov/owow/wetlands/bawwg/case/
flLhtml).

TARGETED DESIGN

A targeted approach to sampling design may be
more gppropriatewhen resourcesarelimited. Tar-
geted sampling is a specialized case of random
stratified sampling. The approach described here
involvesdefining agradient of impairment. Once
the gradient hasbeen defined and syssemshave been
placed in categories of impairment, investigators
focusthemost effort on identifying and characteriz-
ing wetland systemsor siteslikely to beimpacted
by anthropogenic stressorsand on relatively undis-
turbed wetland systems or sites (see” | dentifying
and Characterizing Reference Wetlands’) that can
serve asregional, subregional, or watershed ex-
amplesof natural biological integrity. TheForida
Department of Environmenta Protection usesatar-
geted sampling design for devel oping threshol ds of
impairment with macroinvertebrates (http://
www.epa.gov/owow/wetlands/bawwg/case/
fl2.html). Choosing sampling stationsthat best al-
low the comparison of ecological integrity at refer-
encewetland Stesof known condition can conserve
financial resources. A sampling design that tests
specific hypotheses (e.g., the study by the Florida



Department of Environmenta Protection tested the
effect of elevated water column phosphorus on
macroinvertebrate speciesrichness) can generaly
be analyzed with statistica rigor and can conserve
resources by answering specific questions. Fur-
thermore, theidentification of systemswith prob-
lemsand reference conditions eliminates the need
for selecting arandom sample of the population for
monitoring.

Targeted sampling assumes some knowledge of
the systems sampled. Systems with evidence of
degradation are compared with reference systems
that aresmilar inphysicd sructure(i.e, inthesame
classof wetlands). Targeted sampling requiresthat
the wetlands be characterized by agradient of im-
pairment. Wetland systems should be placed dong
acontinuum from referenceto most impacted. An
impaired or degraded wetlandissmply asysemin
which anthropogeni c impacts exceed acceptable
levelsor interferewith beneficia uses. Compari-
son of the monitoring datawith the data coll ected
from referencewetlandswill alow characterization
of thesampled systems. Wetlandsidentified as“at
risk” should be evaluated through asampling pro-
gram to characterize the degree of degradation.
Once characterized, the wetlands should be placed
in categoriessuch asthefollowing:

B Degraded wetlands—wetlandsinwhich thelevel
of anthropogenic perturbanceinterfereswith des-
ignated uses

B High-risk wetlands—wetlandsin which anthro-
pogenic stressishigh but does not significantly
impair designated uses(In high-risk systems; im-
pairment is prevented by one or afew factors
that could be changed by human actions, dthough
characterigticsof ecologicd integrity areaready
margind.)

B | ow-risk wetlands—wetlandsinwhich many fac-
torspreventimpairment, sressorsaremaintained
bel ow problem levels, and/or no development is
contemplated that would changethese conditions

B Reference wetlands—wetlandsinwhich the eco-
logica characteristicsmost closdly represent the
pristineor minimally impaired condition.

Oncewetland systems have been classfied onthe
basis of their physical structure (see Module 7:
Wetlands Classification) and placed into the cat-
egoriesprevioudy defined, specific wetlands need
to be selected for monitoring. At thispoint, ran-
domnessis introduced; wetlands should be ran-
domly sdlected within each classand risk category
for monitoring. Anexcdlent exampleof categoriz-
ingwetlandsinthismanner isgiveninthe Ohio En-
vironmental Protection Agency’s case study at
http://mwww.epa.gov/owow/wetlands/bawwg/case/
ohl.html. It used the Ohio Rapid Assessment
Method to categorize wetlands by degree of im-
parment. TheMinnesotaPollution Control Agency
a 50 used atargeted design for monitoring wetlands
(see http://www.epa.gov/owow/wetl ands/bawwg/
case/mnl.html). It used thebest professiona judg-
ment of local resource managersto identify refer-
encesitesaswell assiteswith known impairment
from identified stressors (e.g., agriculture and
stormwater runoff).

Monitoring effortsareoften prioritizedtobext utilize
limited resources. For example, case study investi-
gatorsin Oregon chose not to monitor depressional
wetlands because of funding constraints; they fur-
ther tested the degree of independence of selected
gtes(and thusthe need to monitor dl of those Stes)
by using cluster analysisand other statistical tests
(see http://www.epa.gov/owow/wetl ands/bawwg/
case/or.html). Frequency of monitoring isdeter-
mined by themanagement question being asked and
the intensity of monitoring necessary to collect
enough information to answer the question. In ad-
dition, monitoring shouldidentify thewatershed-evel
activitiesthat arelikely toresult in ecologica deg-
radation of wetland systems (Suter et a. 1993).
Targeted sampling designinvolvesmonitoring iden-
tified degraded systems and comparable reference
systems most intensively. Low-risk systems are



monitored lessfrequently (after initid identification),
unless changes in the watershed indicate an in-
creased risk of degradation.

Activitiessurrounding impaired wetland systems
may be used to help identify which actions nega-
tively affect wetlands, and therefore may initiate
moreintendvemonitoring of at-risk wetlands. Moni-
toring should focusonfactorslikely to identify eco-
logical degradation and anthropogenic stressand
onany actionsthat might alter thosefactors. State/
Tribal water quality agencies should encourage
adoption of local watershed protection plans to
minimizeecological degradation of natural wetland
systems. Development plansin awatershed should
be evaluated to identify potential future stressors.
Changesin point sources can be monitored through
the National Pollutant Discharge Elimination Sys-
tem permit program (U.S. EPA 2000). Changesin
nonpoi nt sources can beeva uated through theiden-
tification and tracking of wetland loss and/or deg-
radation, increased residential development, in-
creased tree harvesting, and shiftsto moreinten-
gveagriculturewith greater fertilizer useor increases
in livestock numbers. Loca planning agencies
should beinformed of therisk of increased anthro-
pogenic stress and encouraged to guide devel op-
ment accordingly. Ecological degradation often
gradualy increases as a result of many growing
sources of anthropogenic stress. Therefore, fre-
quent monitoring iswarranted for high-risk wetlands
if sufficient resourcesremain after meeting theneeds
of degraded wetlands. Whenever development
plansappear likely to dter factorsthat maintain eco-
logical integrity inahigh-risk wetland (e.g., veg-
etated buffer zones), monitoring should beinitiated
at ahigher sampling frequency in order to enhance
the understanding of basdine conditions(U.S. EPA
2000).

BACI SURVEY DESIGN

Anideal impact survey hassevera features: The
type of impact, time of impact, and place of occur-

rence should be known in advance; the impact
should not have occurred yet; and control areas
should beavailable (Green 1979). Thefirst festure
alowssurveysto beefficiently planned to account
for the probable changein the environment. The
second feature alows abasdine study to be estab-

lished and to be extended as needed. The third
feature alowsthe surveyor to distinguish between
tempord effectsunreated to theimpact and changes
related to the impact. In practice, however, ad-
vance knowledge of specific impactsisrare and
theided impact survey israrely conducted. BACI

designs modified to monitor impactsduring or after
their occurrence can still provideinformation, but
thereisan increasein the uncertainty associated
with theresults, and thelikelihood of finding asta-

tistically sgnificant change caused by theimpact is
much lessprobable. Power analyses of after-only
studieswere conducted by Osenberg et al. (1994).
They determined that because of thetime congdrants
of most sudies, rdatively few of the population and
chemical/physical parameters could provide ad-
equate andytica power. They suggest expending a
greater effort on monitoring individual -based pa-
rameters(e.g., body size and recruitment density)

inaddition to population and chemica/physica pa
rameters for environmental impact assessments
(Osenberg et a. 1994). Defining the study objec-
tives, and identifying the specific hypothesesbeing
tested, greetly increasesthe certainty of theresults.

In addition, other aspectsof survey design arede-
pendent on the study objectives: the sampling inter-
vd, thelength of timethe survey isconducted (i.e.,
sampling for acutevs. chronic effects), and the sta-
tistical analysesappropriatefor analyzing the data
(Suter 1993).

Thebest interval for sampling is determined by
theobjectivesof thestudy (Kentulaet d. 1993). If
the objective isto detect changesin trends (e.g.,
regular monitoring for detection of changesinwa:
ter quality or biotic integrity), regularly spaced in-
tervalsare preferred becausethe anaysisiseasier.
However, if the objectiveisto assess differences
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before and after impact, then samples at random
timepointsare advantageous. Random samplein-
tervasreducethelikelihood that cyclic differences
unforeseen by the sampler will influencethesize of
thedifference before and after theimpact. For ex-
ample, surveystaken every summer for severd years
before and after aclear-cut may show little differ-
encein system quality; however, differences may
exist that can be detected only in the winter and,
therefore, they may go undetected if sampling oc-
cursonly during summer.

Thesmplestimpact survey designinvolvestaking
asingle survey before and after theimpact event
(Green 1979). Thistype of design hasthe obvious
pitfal that there may be no relationship betweenthe
observed event and the changes in the response
variable—the change may be entirely coincidentd.
Thispitfal isaddressed in BACI design by com-
paring before and after impact datawith data col-
lected from asimilar control system nearby. Data
are collected before and after a potentia distur-
bancein two areas (treatment and acontrol), with
measurementson biologica and environmenta vari-
ablesin all combinations of time and area (Green
1979). For example, consider astudy inwhichthe
investigators want to identify the effects of clear-
cutting on wetland systems. Inthesmplest BACI
design, two wetlandswould be sampled. Onewet-
land would be adjacent to the clear-cut (the treat-
ment wetland); the other wetland would be adja-
centtoacontrol sitethat isnot clear-cut. Thecon-
trol steshould have characterigtics (i.e., soil, veg-
etation, structure, and functions) smilar tothetresat-
ment wetland and should be exposed to climateand
weather smilar tothefirst wetland. Both wetlands
are sampled at the sametime points before and af -
ter the clear-cut occurs. Thisdesignistechnically
known as an area-by-time factorial design. Evi-
dence of animpact isfound by comparing the con-
trol site samples (before and after) with the treat-
ment Site before and after samples. Area-by-time
factorid design alowsfor both natural wetland-to-
wetland variation and coincidental time effects. If

the clear-cut has had no effect, then the changein
system quality between thetwo time pointsshould
bethesame. If theclear-cut hashad an effect, then
the changein system quality between thetwo time
points should be different.

There are some potentia problemswith BACI
design. First, becausethe control and impact sites
are not randomly assigned, observed differences
between sitesmay berelated solely to some other
factor that differsbetweenthetwo stes. Onecould
argue that it is unfair to ascribe the effect to the
impact (Hurlbert 1984, Underwood 1991). How-
ever, aspointed out by Stewart-Oaten et d. (1986),
the survey isconcerned about aparticular impact in
aparticular place, not about the average of severa
impactswhen the survey isreplicated in many dif-
ferent locations. Consequently, it may bepossible
to detect adifference between these two specific
sites. However, if there are no randomized repli-
catetreatments, the results of the study cannot be
generdized to smilar eventsat different wetlands.
However, thelikelihood thet the differencesbetween
stesaredueto factorsother than theimpact can be
reduced by monitoring several control sites
(Underwood 1991). If oneassumesthat thevaria
tioninthe (before and after) measurements of mul-
tiplecontrol gtesisthe sameasthevariation among
potentially impacted sites, and that the variability
over time between the control sitesis not corre-
lated, one can estimate the likelihood that theim-
pact caused the observed differenceat theimpacted
gte, giventheobserved varigbility inthecontrol Stes
That is, several control wetlands could be moni-
tored at the same time points asthe singleimpact
wetland. If the observed differencein theimpact
wetland ismuch different than could be expected
based on the multiple control wetlands, theevent is
said to have caused animpact. The lack of ran-
domizationislessof aconcern when severd con-
trol sitesare monitored, because the multiple con-
trol sites provide someinformation about potential
effectsof other factors.
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The second and more serious concern with the
simplebefore and after design with asingle sam-
pling point before and after theimpact isthat it fails
to recognizethat natura fluctuationsmay occur in
the characteristic of interest that are unrelated to
any impact (Hurlbert 1984, Stewart-Oaten 1986).
Single samples before and after impact would be
sufficient to detect the effects of theimpact if no
natura fluctuations occurred over time. However,
if the population also has natural fluctuations over
and abovethelong-term average, thenitisimpos-
sibleto distinguish between casesin which no ef-
fect occurs from cases in which an impact does
occur. Consequently, measured differencesin sys-
tem quaity may be artifacts of the sampling dates,
and naturd fluctuationsmay obscure differencesor
lead oneto believe differences are present when
they arenot.

The simple BACI design was extended by
Stewart-Oaten et a. (1986) by pairing surveysat
several selected time points before and after the
impect to hdpresolvetheissueof pseudoreplication
(Hurlbert 1984). Thismodification of the BACI
designisreferredto asthe BACl-paired series (PS)
design. Thesdected Stesaremeasured a thesame
timepoints. Therationalebehindthispaired desgn
isthat repeated sampling before theimpact gives
anindication of the pattern of differencesof poten-
tial change betweenthetwo sites. BACI-PSstudy
design providesinformation on themean difference
inthewetland system quality before and after im-
pact and onthe naturd variability of the sysem qud-
ity measurements. An effect is detected if the
changesinthemean differencearelargerdativeto
natural variability. Consderationsfor sampling at
either random and regularly spaced intervalsalso

apply here.

BACI-PS study design dso has potentid pitfalls.
Aswith all studies, numerous assumptionsneed to
be made during the analysis (Stewart-Oaten et al.
1992, Smith et al. 1993). Theprimary assumption
for BACI-PSdesignisthat theresponsesover time

areindependent of each other. A lack of indepen-
dence over time tends to produce false-positive
(Typel) errors, which may lead amanager to de-
clarethat an effect has occurred when, infact, none
has. Formal time series analysis methods or re-
peated measures analysis may be necessary
(Rasmussen et al. 1993) toeliminate Typel errors.
(Theandysisof timeseriesiseasest withregularly
spaced sampling points.) In addition, the differ-
enceinmean leve between control andimpact Stes
isassumed to be constant over timein the absence
of animpact effect. Theeffect of theimpactisas-
sumed to change the arithmetic difference. Inthe
clear-cut example given previoudy, the difference
in mean system quality between thetwo Stesisas-
sumed to be constant over time. That is, meansys-
tem quaity measurements may fluctuate over time,
but both sSitesare assumed to fluctuatein the same
manner Smultaneoudy, thereby maintainingthesame
average arithmetic difference. Thisassumptionis
violated if theresponsevariableat the control siteis
aconstant multiple of theresponse variable at the
impact site. For example, supposethat the read-
ings of water quality at two sites at thefirst time
point were 200 vs. 100, which has an arithmetic
differenceof 100, and at the second time point were
20vs. 10, which hasan arithmetic difference of 10,
but both pairsareina2:1 ratio at both time points.
Theremedy issmple: A logarithmic transform of
theraw dataconvertsamultiplicativedifferenceinto
acongtant arithmetic difference on thelogarithmic
scae. Thisisacommon problemwhen system qud-
ity measurements are concentrations (e.g., pH).
Smith et al. (1993) pointed out that this may not
solve theissue of pseudoreplication. Trendsare
common in most natural populations, but BACI
design assumesthat trends are not present in the
populationsor that the control and impact Steshave
the same trends, so that differences between the
sitesareidentified as associated with the impact,
not with differencesin trendsof natura populations
(Smithetd. 1993). Violation of theBACI assump-
tionsmay invaidate conclusionsdrawn from the
data. Enough data must be collected before the
impact to identify the trendsin the communities of
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each sampling siteif the BACI assumptionsareto
bemet. Clearly defining the objectivesof thestudy
and identifying astatistically testablemodd of the
relationshipstheinvestigator is studying can help
resolvetheseissues (Suter 1993).

Underwood (1991) also considered two varia-
tionsonthe BACI-PSdesign. Firgt, it may not be
poss bleto sampleboth Stessmultaneoudy for tech-
nica or logistica reasons. Underwood (1991) dis-
cussed amodification inwhich sampling isdone at
different timesin each site before and after impact
(i.e,, sampling timesareno longer paired), but notes
that this modification cannot detect changes that
occurred in the two sites before the impact. For
example, differencesin system quality may show a
gradual change over timein the paired design be-
foreimpact. Without paired sampling, it would be
difficult to detect thischange. Inaddition, sampling
only asinglecontrol sitedtill hasthe problem iden-
tified previoudly, that is, it is not known whether
observed differencesin theimpact and the control
stesaresite specific. Again, Underwood (1991)
suggeststhat multiple control sitesshould be moni-
tored. Thevariahility inthedifference betweeneach
control siteand theimpact site providesinforma-
tion on transferability of theimpact effectsto other
stes(i.e,, it either refutes or supportsthe site speci-
ficity of theimpact and associated system response).

The designsdescribed are suitablefor detecting
long-term, or chronic, effectsinthe mean level of
thevariable of interest. However, theimpact may
have ashort-term, or acute, effect, or it may change
thevariability in response (e.g., seasona changes
become more pronounced) in some cases. The
sampling schedul e can be modified to occur at two
tempora scales (enhanced BACI-PS design) that
encompass both acute and chronic effects
(Underwood 1991). The modified temporal de-
sgnintroduces randomization by randomly choos-
ing sampling occasionsin two periods (beforeand
after) in the control or impacted sites. The two
tempora scaes(sampling periodsvs. sampling oc-

casions) allow the detection of achangein mean
andinvariability after impact. For example, groups
of surveyscould be conducted every year, withfive
surveysoneweek apart randomly located within
each group. Theanalysisof suchadesignispre-
sented in Underwood (1991). Again, multiple con-
trol sitesshould be used to confound the argument
that detected differencesare specificto thesampled
dgte.

BACI-PS design is aso useful when there are
multipleobjectives. For example, the objectivefor
one variable may be to detect achange in trend.
The pairing of samplepointson along timescale
leadsto efficient detection of trend changes. The
objectives for another variable may be to detect
differencesinthe meanlevel. A shorttimescae
surveysrandomly located in time and space are ef-
ficient for detecting differencesinthe mean level.
The September 2000 issue of theJournal of Agri-
cultural, Biological, and Environmental Statis-
tics discusses many of the advantages and disad-
vantages of the BACI design and providesseverd
examplesof gopropriatesatistica andysesfor evdu-
ation of BACI studies.

SUGGESTED WEBSITES

1 http://ebook.stat.ucla.edw/'ca culators/
powercalc/

2 http:/Mmww.math.sfu.calstaty Courses Stat-
650/Notes/Handouts/nodel.html

3 http://mwww.mpl-pwrc.usgs.gov/powcase/
index.htm

4 http:/Mmww.sd monweb.org/sa monwel/pubs/
pecrwfin.html

5 http:/ftrochim.human.cornell .edw/tutorid/flynn/
multivar.ntm

6 http:/AMww.tufts.edw/~gddla/STUDY.HTM
7 http://Mmww.umass.edu/tel/mwwip/studydes.html
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