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FOREWORD

In 1999, the U.S. Environmental Protection Agency (EPA) began work onthisseriesof reportsentitled
Methodsfor Evaluating Wetland Condition. The purpose of these reportsisto help Statesand
Tribesdevelop methodsto evaluate (1) the overal 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 eventudly establish biological and nutrient water qudity criteriaspecificaly refined for
wetland waterbodies.

This purpose wasto be accomplished by providing aseriesof “ state of the science” modules concerning
wetland bioassessment aswell asthe nutrient enrichment of wetlands. Theindividua moduleformat
was used instead of onelarge publicationto facilitate the addition of other reports aswetland science
progresses and wetlands are further incorporated into water quality programs. Also, thismodular
approach alowsEPA to revisereportswithout having to reprint themal. A list of theinaugural set of
20 modules can befound at the end of this section.

Thisseriesof reportsisthe product of acollaborative effort between EPA’'s Health and Ecol ogical
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 Thomas J. Danielson (OWOW), AmandaK. Parker and Susan K. Jackson (OST),
and seen to compl etion by Douglas G. Hoskins (OWOW) and IfeyinwaF. Davis(OST). EPArelied
heavily on theinput, recommendations, and energy of three panel s of experts, which unfortunately have
too many memberstolist individualy:

[ | Biologica Assessment of Wetlands Workgroup
[ | New England Biologica Assessment of Wetlands Workgroup
| Wetlands Nutrient CriteriaWorkgroup

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

Moreinformation about wetland biological assessmentsisavailableat thefollowing EPA website:
http://mww.epa.gov/owow/wetlands/bawwg
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SUMMARY

Igae play important rolesin wetland function
d can be valuable indicators of biological
integrity and ecologica condition of wetlands. Sam-
pling designsfor algal assessment vary with objec-
tivesof programsand theagal characteristicsthat
are measured. Both structural and functional
attributes of algae can be measured, including di-
versity, biomass, chemical composition, pluspro-
ductivity and other metabolic functions. Species
composition of algae, particularly diatoms, iscom-
monly used asanindicator of biologicd integrity of
wetlandsand the physica and chemica conditions
inwetlands. Theselatter conditionscan beinferred
based on species environmental preferences and
Species composition of algae in wetlands. Sam-
pling methods for algae on plants and sediments
and floating inthe water arewell established, are
reviewed in detail in another chapter of thisbook,
and areused in streamsand lakesaswell. Labora-
tory methods are also well established for most
agd characteristicswith relatively standard proto-
cols used in severa nationa stream programs.
Guidelinesfor dataanaysisare also reviewed in
this chapter, which includes basic metric develop-
ment and al so the devel opment and application of
indicesthat infer physical and chemical conditions
in wetlands. Case studies are presented on the
development of dgd indicatorsfor Manewetlands
and use of algaeto assessecological conditionsin
the Everglades.

PURPOSE

he purpose of thischapter isto provide guide
linesfor the use of dgaeto assesshiologica
integrity and ecological condition of wetlands.

INTRODUCTION

BACKGROUND

Igae are an ecologically important and often
nspicuousfeature of both freshwater and es-
tuarine wetlands (see reviews by Vymazal 1994,
Goldshorough and Robinson 1996, Sullivan 1999).
Periphyton, assemblages of algae and other micro-
organisms attached to submerged surfaces, occur
innearly al shallow-water habitatswherever suffi-
cient light penetrates (Table 1). Periphyton grow
attached to submerged surfaces, such assediments,
woody and herbaceous plants, and rock substrata.
In many wetlands aggregations of algae, caled
metaphyton, grow entangled among macrophytes
either at the water surface or below. Phytoplank-
ton a so can be abundant in deeper and larger wet-
landswherewater-column nutrient levelsarehigh,
flushing rates are low, and grazing pressure by
planktivoresislow. Algae provideafood source
forinvertebratesand smdl fishinwetlands (Sullivan
and Moncreif 1990, Murkinet al. 1992, Campeau
eta. 1994, Browder et al. 1994, Mihuc and Toetz

TABLE 1: MAJOR HABITATS AND ALGAL ASSEMBLAGES IN WETLANDS

COMMUNITY TYPE
Phytoplankton
Periphyton: ~ Epidendron
Epilithon
Epipelon
Epiphyton
Metaphyton

GROWTH FORM AND HABITAT
Unicellular and colonial forms suspended in the water column
Mats or films growing on dead wood
Mats or films attached to hard surfaces
Mats, flocs, or films growing on soft sediments
Mats or films attached to submerged macrophyte stems and leaves

Mats or filaments floating on the water surface or suspended in the
water column, often entangled with macrophytes




1994). Algal photosynthesisand respiration can
account for asignificant fraction of wetland metabo-
lismin some habitats and, therefore, can strongly
influence water-column oxygen dynamics
(McCormick et a. 1997). Algaeareimportantin
energy and nutrient cyding, Sabilizing subgrata, and
serving as habitat for other organismsin wetlands
(Sullivanand Moncreif 1988, Sundbéck and Grandli
1988, Browder et d. 1994, Macintyreet a. 1996,
Miller et al. 1996, Wetzel 1996). In some cases,
algal mats may serve asrefugiafor invertebrates
during periodsof wetland desiccation (Harrington
1959).

Algaeareamong themost widdly used indicators
of biologicd integrity and physico-chemical condi-
tions in agquatic ecosystems (see reviews in
McCormick and Cairns 1994, Adamus 1996,
Danielson 1998, Stoermer and Smol 1999,
Stevenson and Smol in press, Stevenson in press).
Algal growth and taxonomic composition respond
predictably and sengitively to changesin pH, con-
ductivity, nutrient enrichment, organic contamina-
tion, sediments, pesticidesand many other contami-
nants (Round 1981, Stevenson et a. 1996). Algae
provide someof thefirst indications of changesin
wetlands because they respond directly to many
environmental changes, they have high dispersal
rates, and they haverapid growthrates. Algaepro-
vide highly precise assessments of changesin wet-
lands because they have high speciesnumbersand
each speciesisdifferentially sensitive to abroad
range of environmental conditions. Infact, algae
maly provide amore preciseindication of wetland
nutrient status than sporadic measurements of wa
ter chemistry, particularly in wetlandsthat receive
pulsed nutrient inputs (e.g., storm-water runoff).
Effectsof varying nutrientsaremeasurableinahis-
torical record manifested in alga assemblage char-
acteristics (see Stevenson in press). Because of
their rolein ecosystem energetics and biogeochemi-
cal cycling, algae provide an integrated picture of
wetland condition. Theglasscell walsof diatoms
that accumulate in sediments provide a historic

record of ecological conditionsinwetlandsand are
animportant indicator in paeolimnologica studies.
The perdstence of diatomsin sediments, evenwhen
wetlands are dry, may provide a year-round ap-
proach for assessing theecol ogical integrity of wet-
landswhen other organismsarenot present. Thus,
diatomscould beused to provideabasisfor devel-
oping regulatory decis onswhen many other organ-
isms may not be present. In addition, the rapid
growth rates of dgae enable experimental manipu-
lation of environmenta conditions to determine
cause-effect relationships between algal response
and specific environmenta stressors (M cCormick
and O’ Dell 1996, Pan et al. 2000).

A common assumption isthat algal assessments
requireunusualy great expertiseand effort to com-
plete. Eventhough detailed, species-level assess
mentsdo require substantia skill inagd taxonomy,
these skillscan bereadily developed with anintro-
ductory coursein agal taxonomy, experience, a
good library of taxonomic literature, and periodic
consultationswith other taxonomists. Thetaxonomy
of most common agd generaand diatom speciesis
well established and taxonomic keys are widely
available. Coarser taxonomic andyses(e.g., domi-
nant genera) require considerably lesstraining and
nontaxonomic metrics(e.g., chlorophyll a, nutrient
content) requireonly agenera backgroundinana
Iytica |aboratory practices. Field sampling and labo-
ratory processing timesfor algal taxonomic analy-
sesarecomparableor lessthan for other commonly
usedindicators. Thustheutility of usngadgaeasan
assessment tool should not be overly constrained
by alack of gaff expertiseand resourcelimitations.

CONSIDERATIONS WHEN
FORMULATING A SAMPLING DESIGN

Objectivesof theproject

Sampling designishighly dependent on the ob-
jectivesof specific projects. Initid projectsmay be
designed to develop and test metricsfor applica-



tioninaspecific class of wetlandsand in specific
geographic regions. After metrics have been de-
veloped, sampling design should change (e.g., ran-
dom selection of sites) to apply these metricsto
assess Site-specific conditions or statusand trends
inwetlandswithinaregion. During devel opment of
metrics, themost efficient sampling designisto se-
lect wetlandswith awide range of adverse human
influences. Metricsdeve oped with thisstrategy will
apply to the range of wetland conditionsin are-
gion. Developing metricsusing Sitesthat wereran-
domly selected from the set of al sitesmay cause
oversampling of impaired or unimpaired wetlands
and may diminish development effort. If manage-
ment concerns are based on specific types of ad-
verse human influences, for example, nutrient en-
richment or hydrologic adterations, then metric de-
velopment should befocused on wetlandswith a
range of nutrient or hydrological conditions. After
metricsare developed, sampling designsshould be
planned to test hypotheses, for example:

B Areconditionsat aspecific Stesignificantly dif-
ferent from thosefound at apopulation of refer-
encesites; or

B Dowetland conditionsinaregion haveaspecific
mean or moda condition and variance?

Theeffectsof project objectiveson sampling de-
sign are discussed more completely in Module 4:
Study Design for Monitoring Wetlands.

Wetland class

Algd attributescan differ consderably among dif-
ferent wetland types within the same state or
ecoregion (e.g., Stewart et al. 1985). Therefore, it
often will be necessary to define reference condi-
tions separately for each wetland type. Light, pH,
available nutrients, and the mineral content of the
water determinethetype of algal community that
developsinawetland. Asaresult of shading ef-
fects, algal biomassand productivity typicaly are
lower inforested and emergent-plant wetlandsthan
they arein sparsaly vegetated systems dominated

by submerged aguatic vascular plants(SAV). Ran-
fal-driven wetlands, which tend to havelow ionic
content and aneutral-acidic pH, contain a periphy-
ton community dominated by chlorophytes and
acidophilousdiatoms. Wetlandsfed by ground-
water, whichtypically hasahigher pH and mineral
content, contain a greater abundance of
cyanobacteriaand dkadiphilousdiatoms.

Hydrology islessimportant than water chemistry
in determining periphyton structure and function.
Most algaerequire saturated or flooded conditions
to grow, and hydrologic parameters, such aswater
depth, influencelight penetration to phytoplankton
in the water column and to submerged surfaces
where periphyton grow. However, many algae
possess adaptationsthat allow themto either sur-
vivedry conditionsor to recolonize quickly, which
enables rapid recovery of antecedent algal com-
munitiesfollowing marsh reflooding. Thus, many
atributes of thewetland algal community areless
sengtiveto hydrologic modificationsas compared
with macrophytes. However, speciescomposition
of agae may respond indirectly to hydrologic con-
ditions because hydrology often regulates water
chemidry.

Classification systems (discussed in Module 7:
Wetlands Classification) provideastarting point for
classfying wetland typesfor periphyton sampling
purposes. However, periphyton characteristicsmay
not follow hydrogeomorphic classification schemes
exactly, asthiscommunity isinfluenced mogt strongly
by water chemistry. Initial samplingin reference
wetlands provides the best means of classifying
wetland types according to their periphyton char-
acteridtics.

Habitatssampled

Algal characteristicsalso can vary considerably
among habitatswithinawetland. Periphytongrows
on most submerged surfaces (e.g., hard and soft
sediments, living and dead vegetation), with the ex-



ception of those that exude allel opathic or other-
wiseinhibitory compounds. A distinct phytoplank-
ton community also may develop. Boththeamount
of light and the nature of the substratum affect per-
iphyton abundance, growth, nutrient content, and
taxonomic composition. For example, senescent
or decomposing vegetation may release more nu-
trientsthan actively growing plant stems, thereby
increasi ng periphyton growth and nutrient content.
Thesengtivity to environmenta changeof different
agd communitieswithin awetland aso may vary;,
for example, phytoplankton and floating periphy-
ton mats (metaphyton) respond quickly to changes
inwater-column nutrientswhereas periphyton grow-
ing on sediments (epipelon) areinfluenced most by
nutrient fluxesfrom the underlying subgtrate. Given
the potential for such variability in algal metrics
among habitats, it isimportant that agal habitatsbe
sampled in acons stent manner acrosswetlands so
that changesinwetlands can be assessed precisdly.

Recent evidenceindicatesthat samplesfrom tar-
geted habitat samplesmore precisdly indicate wet-
land change than composite samplesfrom multiple
habitats. Inastudy of correlations between algal
attributes and several indicators of human distur-
banceinwetlandsin Maine (see case study at end
of module), smilar numbersof statistically signifi-
cant correlationswere observed with assemblages
from sediments, plants, and plankton. More cor-
relationsand higher correlationswere observedin
targeted habitat samples than when epipelon,
epiphyton, and plankton werecombinedinasingle,
multihabitat sample.

Introduced substrates (e.g., unglazed clay tiles,
glass dides, acrylic rods) are commonly used to
provide a standardized surface for periphyton
growth. Theuseof introduced substratesminimizes
problems associated with substrate comparability
among sampling locations. Whilethe periphyton
community developing on such surfacesmay differ
in certain respectsfrom that growing on natura sub-

strates (Tuchman and Stevenson 1980), thistype
of sampling providesareliableindicator of wetland
nutrient statusand other changesin water chemis-
try (McCormick et al. 1996). In fact, the use of
inert surfacesfor algal colonization may enhance
the sengitivity of the community to changesinwa
ter-column nutrient avail ability becausenutrientslesk
from plants and sediments (Moeller et a. 1988,
Burkholder 1996, Wetzel 1996). However, if the
assessment goal isto assess periphyton condition
withinthewetland and not Smply to use periphyton
asanindicator, then natural substrates should be
sampled. Disadvantagesto the use of introduced
substratesinclude the requirement for two viststo
each sampling location, once for deployment and
againfor retrieval. Inaddition, thesesubstrataare
susceptibleto lossasaresult of vandalism, animal
damage, or fluctuating water levels. Thestrengths
and weaknesses of using artificial substrateshave
been debated extensively in the literature (e.g.,
Stevenson and Lowe 1986, Aloi 1990).

Sampling frequency

Algal communitiestypicaly exhibit distinct sea-
sonal patternsof standing crop and species com-
position, and these patterns can differ among wet-
land types. For example, deciduousforested wet-
lands may exhibit maximum algal growth during
gpring or following leaf fal, when light penetration
ishighest, whereas peri phyton abundancein other
wetland types may pesk during thewarmer months.
Temperature tolerances and optimavary among
speciesand mgjor alga groups, with diatomsbeing
relaively more abundant during cooler monthsand
cyanobacteria(blue-green algae) being more com-
mon during thesummer. Furthermore, athoughless
sengitiveto hydrology than macrophytes, most al-
ga communitiesrequire some surfacewater to re-
main active. Disturbance eventsmay belesscom-
mon and less severein most wetlandsthan in most
streamsand rivers, but still they can affect periphy-
ton growth and abundance temporarily. For ex-
ample, heavy rainfall and wind can disrupt or even



disintegratefloating algal matsand introduce sedi-
ment, nutrients, and other pollutantsthat can affect
agad metabolism and growth.

Somefamiliarity with thetemporal dynamicsof
alga communities in wetland classes of interest
should be gained beforeinitiating routine sampling.
If possible, sampling should be conducted during
morethan one season to provide anintegrated as-
sessment of periphyton and nutrient conditions. If
thisfrequency isnot practical, then sampling should
be conducted during the peak growing season or at
atimewhen stressor impactsare most likely to oc-
cur. Wetlandsto be compared should be sampled
at gpproximatdy the sametimeof year to minimize
the confounding influence of seasond variahility on
agd metrics.

Spatial samplingintensity

Thesampling intensity required to adequately as-
sessagal conditionsisrelated to the complexity
and spatid variability of theadga community, which
inturnisafunction of habitat heterogeneity. The
sampling effort will berelatively low ininstances
whereasinglealgal community predominatesand
isdistributed in arelatively homogeneous manner
acrossthewetland. In most instances, however,
multiplecommunitieswill coexist and bedigtributed
patchily within and among vegetative habitats.

Sampling intensity also is affected by the pres-
enceof nutrient or other disturbancegradientswithin
thewetland. For example, point-source nutrient
inputs can producelocalized zones of enrichment
that will support analga community quitedifferent
from that in unenriched portions of the same wet-
land, whereas nonpoint sourceinputsor thosethat
areexceedingly high relativeto the size of the wet-
land may enrichtheentire system.

The spatial heterogeneity of the wetlandsto be
asessed should beevduated in both qualitative and

quantitative termsto develop asampling protocol
that optimizesthe tradeoff between precision and
cost. First, mgjor agal habitats and communities
should beidentified. Secondly, preliminary sam-
pling should be conducted to assessredundancy of
information among different communitiesand, in
conjunction with power analyss, to determinethe
optima sampling effort from agtatistical sandpoint.
| nsufficient sampling relativeto background vari-
ability will reducethe ability to discern trendsand
impacts. Oversampling isnot cogt-effectiveand may
preclude measurement of other vauableindicators.
In heterogeneous environments, there are severa
waysto reduce the sampling effort without intro-
ducing excessvevariability into theresultsby (1)
conducting acomposite sampling, i.e., combining
severd field samplesinto asingle samplefor pro-
cessing to account for local variation without in-
creasing cods, (2) sdlectingadngle”indicator” com-
munity for sampling rather than attemptingto sample
al agd habitats, and (3) deploying introduced sub-
strates (asdiscussed above). Theefficacy of these
variousdternativeswill depend on assessment ob-
jectivesand the types of wetlands being sampled.

Quantitativever susqualitative sampling

In addition to the frequency and intensity of sam-
pling, one of the most important determinants of
effort—and therefore cost—isthe type of metrics
to be measured. Quantitative measures of algal
standing crop, nutrient content, and productivity
providevauableinsight into wetland function and
therelative importance of periphyton processes.
Unfortunately, they also are extremely costly to
obtain becausethey are so spatially and tempordly
variable. Costsof some area-gpecific measurescan
be reduced if measures are restricted to specific
habitats. By contrat, quditative sampling (e.g., col-
lecting grab samples of the dominant periphyton
community from natural substrates) offersamore
cost-effectivetool for assessing the nutrient status
of thewetland, albeit providing somewhat lessin-
formation on overdl periphyton condition.



CONSIDERATIONS WHEN
SELECTING METRICS

Thetypesof dga metricssaected for assessment
and monitoring depend on several factorsasfol-
lows.

Over all objectives of the sampling program

Sampling is based on the objectives of the pro-
gram. For example, isthe objectiveto assessthe
periphyton condition of the wetland or smply to
get anindicator of wetland condition? Assessing
periphyton condition requires sampling abroad ar-
ray of quantitative metrics on natural substrates
whereas an assessment of wetland condition, such
astrophic status, can be accomplished using alim-
ited number of measures obtained from either natu-
rad or sandardized substrataand need not be quan-
titativein most cases.

Wetland type

Avalilable habitatsand therelevance and utility of
different metricsvary among wetland types. Some
wetlands do not have herbaceous macrophytesand
othersseldom have standing water. Algaeon sedi-
ments occur in amost all habitats. Although we
have not thoroughly tested which habitat is most
senditive to changes in wetland condition, algal
metricsfrom dl three of the habitatswe studied can
reflect changesinwetland condition (seeMainecase
study). Inthe Everglades, the occurrence of afloat-
ing calcareous algal mat is characteristic of olig-
otrophic conditions, but thisalgal attributeisnot
found in oligotrophic wetlands from many other
€ecoregions.

Frequency of sampling

Sengtivemetricsthat respond quickly to changes
in nutrient availability and other physicochemical
conditionsare ussful whenwetlandsareto be moni-
tored frequently. If samplingisconduct infrequently
(e.g., annudly) or islimited to asingle assessment,
emphasisshould be placed on metricsthat integrate

conditionsover longer periods of timeand, there-
fore, arenot overly susceptibleto short-term fluc-
tuations. Surface sediment diatom assemblages, for
example, probably provide the greatest temporal
integration of wetland conditions, because diatoms
have accumulated in those sedimentsover thelast
severd years. However, surface sediment diatom
assemblages may not be as sengitiveto nutrient con-
ditionsbecause of their location on sediments. Epi-
phytic dgaemay integrate environmenta conditions
over the last couple of months as diatom assem-
blages developed on the plants. Phytoplankton
probably reflectsthe shortest historical context of
all the assemblages. Taxonomic attributes (espe-
cidly presence/absence of taxaversustheir relative
abundancesand dengity) typicaly havelonger his-
toriesthan metabolic attributes (photosynthesis,
phosphatase activity).

Existing capabilities

Metrics selected for use undoubtedly will bein-
fluenced by existing facilities and staff expertise.
Thusmetricsmay besimilar to those currently be-
ing used to monitor other types of aquatic systems.
Inmany instances, gd metricsand protocolsused
to sample other benthic habitats can be adapted for
useinwetlands.

TYPICAL ALGAL ATTRIBUTES USED
FOR METRICS

Algd attributesgenerally are classified aseither
structura or functional. Structural attributesare
based on measurements of biomass, nutrient con-
tent, and taxonomic composition of samples. Func-
tional attributes are based on measurements of
growth ratesand rates of metabolism, such aspho-
tosynthes's, respiration, nutrient uptake, and enzyme
activity.

Algae, more than other assemblages, have been
used toindicate physicochemicd conditionsaswell
asassesshiologicd integrity inahabitat (Figure 1).
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FIGURE 1: RELATIONS BETWEEN BIOLOGICAL INTEGRITY AND STRESSOR

INDICATORS ALONG A STRESSOR GRADIENT (SOLID LINE)

These relations can be devel oped during indicator development and testing or deter mined fromthe literature.
Theserelations often are most preci se between specific assemblage attributes and specific stressorsrather than
between multimetric indices and specific stressors and are important for applying a risk assessment approach
to environmental monitoring (adapted from Stevensonin press).  Correspondence between observed measures
of biological integrity (Bl) and specific stressors (S) can help diagnose causes of or threats to ecological
impairment. Bl - measured biological integrity; S - measured stressor indicator; RC - Response Criteria; and
C - Stressor Criteria (dashed lines). Reference (Ref) indicated by arrow
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Inother words, many attributes of dgd assemblages
canbeused asindicatorsof anaturd, reslient flora,
but species composition of algal assemblagesand
environmentd preferencesof agae have been par-
ticularly powerful indicatorsfor diagnosing causes
of environmenta impairment. Diagnosticindicators,
usually referred to as stressor indicators (Paulsen
etal. 1991, U.S. EPA 1998), usudly are consid-
ered to be actual measures of dtered physical,
chemical, or biologicd attributes caused by human
disturbance. Direct measurementsof nutrient con-
centrations, pH, conductivity, acid-neutraizing ca-
pacity, depth and period of inundation, or dengities
of non-native taxacommonly are used as stressor
indicatorsrelated to nutrient enrichment, hydrologi-
cd dterations, and introduction of non-nativetaxa
Thusstressor indicatorsbased on dgd assemblages
can be used to complement direct measurement of
environmenta conditions. Ingenerd, dl attributes
of algal assemblages could be used to assess bio-
logical integrity, but species composition and, to

some extent, chemica composition most oftenare
used to diagnose causes of problems.

Taxonomic composition

Taxonomic characteristics of algal assemblages
provide someof themost sengitive and robust indi-
cationsof wetland nutrient status (e.g., McCormick
and O’ Dell 1996). Species-level assessments, d-
though requiring the greatest taxonomic expertise
to perform, yield themost preciseindicatorsof en-
vironmental conditions and biological integrity.
However, cons derableinformation can beobtained
from assessments performed at the genuslevel or
higher (e.g., Prygiel and Coste 1993, VanderBorgh
1999). Taxonomic analyses often focus on dia-
tomswithin thealgal assemblage becausethetax-
onomy and species autecologiesof thisgroup are
relatively well established and readily determined
from field collections without additional effort
(e.g., culturing).



Taxonomic characterigtics of assemblagescan be
used to assessbiologica integrity of wetlandsand
diagnose causes of or threatstoimpairment. Bio-
logical integrity of algal assemblagescan beevau-
ated at many taxonomic levels, for example, look-
ing just for changes in species composition or
changesinaga growthform. Whereasthelatter
may reflect changesin food avail ability and habitat
structure, changesin speciescompositiondoneare
important indicatorsthat biodiversity hasbeen al-
tered and that the environmental factorsregulating
microbial processesin the wetland have changed.

Similarity in taxonomic composition between ref-
erenceand test Stesisthe most direct approach for
assessing biological integrity of aga assemblages
inwetlands. Theahility todigtinguishimpared from
reference assembl ages requires precise character-
ization of taxonomic composition of assemblagesin
referencewetlands. Precisoninestimatesof refer-
ence assemblages can beincreased by classifying
wetlands and sampling multiplereference wetlands
for each wetland class (see Module 7: Wetlands
Classification). Similarity can be measured with
many indices(e.g., %o Smilarity, Euclidean distance;
Pielou 1984, Jongman et al. 1995) and with many
typesof taxonomic data. Similarity based on taxo-
nomic data can be calculated based on dengities,
relative biovolumes, relative abundances, or pres-
ence/absence of species, genera, or functional
groups. Similarity caculated with both speciesand
genus composition of assemblages provides suffi-
cient datato compare assemblage s milarity. Func-
tional groupsoften are defined by growth formand
magor taxonomic divisons, such asunicdlular, co-
lonid, and filamentousforms of cyanobacteria; dia
toms, green algae; euglenoids, and cryptomonads.
Thesegroupsarethought to represent different food
categoriesfor herbivores (Porter 1977, Lamberti
1996). We recommend two measuresof similarity
indgd assamblages. Imilarity inrdativebiovolumes
of functiona groupsand similarity in relative abun-
dances of diatom species as two relatively stan-
dardindicatorsof biologica integrity.

Another approach to assessing biological integ-
rity of gal assemblagesinwetlandsisto compare
the relative abundance of organismsand the num-
ber of taxain generathat arecommoninreference
conditionsand rarein disturbed wetlands. For ex-
ample, we often find high numbers of taxain the
diatom generaEunotia and Pinnulariainreatively
undisturbed wetlands. The % of cells and % of
taxa of Eunotia and Pinnularia can be used as
indicatorsof biologica integrity of wetlands, if ref-
erence wetlands have high numbers of these dia-
tom genera. These metricsprobably arelesspre-
cisethan direct species-level comparisonswith as-
semblagesfrom reference conditions, but they may
be valuable metricsif reference conditionsare not
defined precisdly.

A successful approach used in streamsisfirst to
definethe sengitivity of dl taxathat arecommonin
reference conditionsand rare or absent from dis-
turbed conditions and then to determine the % of
sengitive cellsor taxain assemblages at test Sites.
Percentsof sengtive cdlsor taxaare measurements
of similarity between reference and impaired Sites.
By placing an emphasisontaxaautecologies(e.g.,
sengitivity to pollution), the emphasis on wetland
classification can be reduced; pairing of wetland
classesand identifying taxain reference sitesisnot
asgreat an issue. Senditive taxain any wetland
class, acrossdll classesof wetlands, should be sen-
sitiveto the same disturbances by humans.

Taxonomic composition, when combined with
specific environmental tolerances of taxa, can be
used to calculate stressor indicatorsto infer envi-
ronmental conditions in wetlands (Pan and
Stevenson 1996, Stevenson et a. 1999, see case
studies). Suchindicesusually arereferredto as
autecol ogical becausethey are based on the aute-
cologicd characterigticsof taxa. Different levelsof
accuracy in environmental tolerances can be used
to distinguish two groups of autecological indices.
For exampl e, in some cases, environmental toler-
ance categories are known for taxa (Lowe 1974,



VanLandingham 1982, Van Dam et al. 1994). In
other cases, specific pH, sdinity, or total phospho-
rus (TP) optima for taxa are known (Pan and
Stevenson 1996, Stevenson et a. 1999). Assess-
ments of environmental conditions based on spe-
ciesoptimamay provide more accurate inferences
of conditions. However, use of indices based on
Speciesoptimacharacterized in another geographic
region may bebiased. 1ndices based on categori-
cal characterizations of species autecol ogies may
be more transferable among regions. Probably
they are more reliable in the early stages
ofimplementingd gae assessment programsuntil gpe-
ciesenvironmentd optimainthe study region have
been evaluated.

Conceptually, autecologica indicesaso might be
used toinfer biologicd integrity in caseswhereref-
erence conditionsinwetlandsare not well defined.
Many environmenta contaminants, such asnutri-
ents, arenot commonly foundinabundancein naturd
aguatic ecosystems. Thus, high proportionsof taxa
that require high nutrientswould indicate that the
biologica integrity of the habitat had been compro-
mised and that nutrients were a highly probable
causeof impairment. Wetland conductivity (ionic
concentration) often changeswith hydrologic dter-
aions, and algae are highly sensitiveto changesin
conductivity. Thus, changesin aga speciescom-
position could be used to indicate hydrologic ater-
ation of wetlands.

Diversity

Richness of taxa numbers and evenness of taxa
abundancesaretwo characteristicsof many diver-
sty indices (sensu Shannon 1948, Simpson 1949,
Hurlbert 1971) that are used to describebiological
assemblages. Although diversity oftenisusedin
environmental assessments, basic problemswithits
useexist. Firg, speciesdiversty and evennessare
highly correl ated with standard 300-600 cell counts;
inthese counts many speciesusually have not been
identified, so richnessismore afunction of even-

nessthan evennessafunction of richness (Patrick
et a.1954, Archibald 1972, Stevenson and Lowe
1986). Using standard counting procedures,
nonmonotonic (showing both positive and negative
changes astheindependent variableincreases) re-
sponsesof aga diversity can occur dong environ-
menta gradients, whichintroducesambiguity into
theinterpretation of diversity indices. Thisambigu-
ity seemsto bereated to the maximum evenness of
tolerant and sengitive taxaat midpointsaong envi-
ronmenta gradients, fewer speciesbeing adapted
to environmenta extremesat both endsof environ-
mental gradients, and subsi dy-stress perturbation
gradients (Odum et al. 1979). Despite thesediffi-
culties, speciesrichnessand evenness may respond
monotonicaly (exhibiting only positive or negetive
changes, but not necessarily linear ones, asthein-
dependent variableincreases). Likewise, they may
respond sensitively and precisely to gradients of
human disturbancein some settings and should be
tested for useasmetrics.

Biomass

Biomass of agae often increaseswith resource
availability and decreaseswith many toxic and sedi-
ment stressorscaused by humans. Therdationship
between algal biomassand nutrient inputsisone of
themost widely used indicatorsof eutrophicationin
aguatic ecosystems (e.g., Vollenweider 1976,
Schindler et a. 1978, Dodds et al. 1998). Most
rel ationships have been established for lake phy-
toplankton; however, periphytoninstreamsasois
closdly related to nutrient Status, asincreased nutri-
ent availability will yield more biomass (Borchardt
1996). Sediments, toxic substances, and removal
of benthic habitat can limit dga growth and accrud
(Genter 1996, Hoagland et d. 1996). Becausehbio-
mass and the potential for nuisance algal growths
vary with season and weether (Whitton 1970, Wong
eta. 1978, Lembi et al. 1988), thetiming of sam-
plingisimportant. Biomassisanimportant attribute
inenvironmental assessments becauseitisrelated
to productivity and nuisance problems.



Biomass can be estimated using severa measure-
ments, including cdll density, cdll biovolume, ash-
free-dry-mass (AFDM), and chlorophyll (chl) a.
Each of these measurements has strengths and
weaknesses as described by Stevenson (1996, in
press), and theuse of multipleestimatescanincrease
the amount of information obtained. For example,
estimates of periphyton chlorophyll aand AFDM
can beused to cal culate the autotrophic index (We-
ber 1973), which indicates the dominance of het-
erotrophs(e.g., bacteria, fungi) relativeto algaein
the periphyton community. Ratios between nutri-
entsand AFDM in samples provide indicators of
nutrient availability and trophic status (McCormick
and O’ Dell 1996, Pan et al. 2000).

In practice, quantitative measures of areal peri-
phyton biomass(e.g., McCormick et a. 1998) can
betime-consuming, destructive and therefore costly
to obtain. Measuring biomass can require harvest-
ing of al periphyton and associated substratesfrom
known areasof marsh. Sampling with thisgpproach
focuses on particular vegetative habitats or can be
conducted on a habitat-weighted basisto charac-
terizethe entirewetland. Multiple plots must be
sampled from each habitat to account for spatial
variationinbiomass. Consderableprocessngtime
isrequired to separate periphyton from associated
macrophytemateria and other substrateswhen sam-
pling at thisscale. A second quantitative approach
isto sample at smaller scaes, by alga habitats:
plants, sediments, floating mats, and water column.
Then, based on quantitative assessment of areaof
these habitatswithin thewetland, dgd biomasscan
be estimated with a habitat-weighted cal culation.

Qualitative (i.e., presence-absence) or semi-
guantitative (e.g., percent cover) measures of
periphyton abundance may provide acost-effective
aternativeindicator of nutrient status and wetland
condition in some instances and can be
accompanied by visual assessments of algal
taxonomic composition. These techniques have
been employed successtully in streams (Sheeth and

Burkholder 1985, Stevenson and Bahls 1999).
Biomassaccumulation onintroduced substrates(see
growth rate below) also can be used to assess
biomass-nutrient relationships among wetlands,
although these measurements are not always a
reliable predictor of periphyton abundance on
natura substratawithin the samewetland.

Although the rel ationship between algal biomass
and nutrient availability islogicd, it haslimitationsin
practice. Biomasscan behighly variablein space
andtime (e.g., episodic algal blooms, doughing of
periphyton from surfaces) and may respond differ-
ently to enrichment in different wetlands. For ex-
ample, dga biomassin open-water habitatsinthe
Florida Everglades declineswith increased phos-
phorusavailability, which differsfrom many other
aguatic systems (McCormick and O’ Dell 1996,
Pan et a. 2000). Biomassasoisaffected by dif-
ferencesin thelight regime and grazing pressure
among wetlandsaswell asnutrient levels. Biom-
ass-nutrient relationshipsa so may be confounded
by the presence of other stressors such as toxic
chemicas. Thus, theaccurateinterpretation of bio-
mass changes requires an understanding of ecologi-
cd processesand sudy of cumulativeimpactswithin
awetland.

Chemical compostion

Chemica composition of dga assemblagescan
be used to assesstrophic status or contamination
of food webs by toxic compounds. Water-column
nutrient concentrations, particularly those of
bioavailable (i.e., dissolved inorganic) forms, can
be highly variable over short periodsasaresult of
wegther events(e.g., heavy rainfall) and pulsed nu-
trient inputs from anthropogenic sources. Inolig-
otrophic wetlands, water-column nutrient concen-
trationsmay bebelow, at, or near the minimum de-
tection limits, thusincreasing there ative uncertainty
associated with andytica results. Periphyton nutri-
ent concentrationsintegrate variation in nutrient
bioavailability over time scal esof weeks, thuspro-
viding anindication of the recent nutrient status of
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the wetland that is not unduly influenced by epi-
sodic events or other short-term fluctuations.
Measurementsof periphyton nutrients complement
s0il nutrient analyses, which indicatethenutrient his-
tory of thewetland over yearsor decades. Many
toxic contaminants, such as heavy metalsand or-
ganic contaminants, arerapidly adsorbed or taken
up by periphyton (e.g., Vymazd 1994). Their pres-
enceinthewater column far underestimatestheir
presencein the habitat and their potentia availabil-
ity to thefood web.

Total phosphorus (TP) and nitrogen (TN) con-
centrations of water and peri phyton have been used
to characterizetrophic status (Carlson 1975, Dodds
eta. 1998, Biggs1995). TN: TPratiosarewidely
used to infer which nutrient regulatesalgal growth
(Hecky and Henzdl 1980, Hecky and Kilham 1988,
Biggs1995). Inmany of these assessments, most
of thetotal Pand N is particul ate and much of the
particulate matter isalgae. Thus, measurementsof
TPor TN per unit volumeor areaof habitat largely
reflect theamount of algaeinthehabitat. Of course,
the most widespread use of trophic assessments
with TPand TN isphytoplanktonin lakes (Carlson
1975), but use has a so been proposed for streams,
rivers, and wetlands (Vymaza and Richardson
1995, Dodds et al. 1998, McCormick and
Stevenson 1998). TPand TN per unit biomassin
benthic algae a so have correlated positively with
benthic algal biomassin streams. However, nega
tive-density-dependent effects may reduce biom-
ass-specific concentrations of benthicalgal TPand
TN and confound estimates of Pand N availability
to cells(Humphrey and Stevenson 1992). Volume-
specific, area-specific, and biomass-specific esti-
matesof TPand TN do increase monotonicaly with
most gradients of human disturbance and may be
good metricsfor trophic statusin streams, rivers,
and wetlandsaswell aslakes.

The chemica composition of dgaeisavauable
pieceof informationfor monitoring heavy metd con-
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taminationinrivers lakes and estuaries(Briand et d.
1978, Whitton et a. 1989, Say et a. 1990). Many
agaeaccumulateheavy metd swhenexposadtothem
innaturd environments(Whitton 1984). Thetoxic-
ity of heavy metasto a gaeisonereason for moni-
toring them. Other reasons include their
bioaccumulaioninwaste treams, and themovement
of heavy metds into the food web (Whitton and
Shehata1982, Vymaza 1984, Radwin et d. 1990).

Growth

Inthe absence of other environmental limitations
(eg. ligntavalability, grazing), dga net production
ispogitively related to nutrient bioavailability. Per-
iphyton production isquantified most easily inthe
field by measuring biomass accumulation onintro-
duced substratesover astandardized period of time,
Though growth rates on these substrates may differ
from those on natural wetland substrates, they do
provideardiableindicator of nutrient availability.
A smilar leve of light should bemaintained for sub-
dratesplaced indl wetlandsthat will be compared;
otherwise, the rel ationship between biomass accu-
mulation and nutrient availability will be hard toin-
terpret. Maintaining thisuniformity may require
clipping macrophyte material in heavily vegetated
wetlands. Incubation timesshould be sufficiently
long (e.g., 10-20 d) to allow for accumulation of
measurable biomass, but not solong astoresultin
doughing. Determining astandardized incubation
period can bedifficult when working inwetlands of
widdy varying trophic satus. Typicaly, periphyton
accumulate much faster at enriched Stesand there-
foremay dough before sufficient biomasshasbeen
achieved a low-nutrient sites. Werecommend plac-
ing plenty of artificid substrataat the Stesand sam-
pling frequently throughout the col onization period
to ensurethe best characterizations of algal growth
rates and peak biomass (see Stevenson 1996).
Differences in grazing pressure or levels of
nonnuttrient sressorsamong wetlands may confound
the rel ationship between biomassaccumul ation and
nutrient availability.



M etabolism

Metabolic activitiesof dgal assemblagesareim-
portant wetland functionsand therefore may bein-
cluded in assessments. Photosynthesis (grosspri-
mary productivity), respiration, net primary produc-
tivity (photosynthes s-respiration), nutrient uptake,
and phosphatase activity (PA) are commonly mee-
sured in ecological studiesand are sensitiveto en-
vironmental change (Bott et al. 1978, Healey and
Hendzel 1979, Wetzel and Likens 1991, Marzolf
etd. 1994, Hill eta. 1997, Young and Huryn 1998,
Whitton et a. 1998). Phosphataseactivity ishighly
sengtiveto even dight changesin trophic status of
P-limited oligotrophic habitats. Phosphatasesare
extracellular enzymesthat cleave phosphate mol-
eculesfrom organic compounds, thereby making
the Pavailableto algal and other cells. Algal and
bacterid cellsexcrete these enzymesin responseto
P deprivation; thus, PA levelsin thewater and pe-
riphyton of wetlandsareinversely proportional to
Pavailability (Newman et a. in press). Nitrogen
deficiency aso can be assessed by measuring the
level of N fixation activity in plankton and periphy-
ton samples. Heterocystous algae and some bac-
teriaare capable of converting dinitrogen gasinto
ammoniathrough aseries of enzymatic reactions.
Through thissame pathway, acetyleneisconverted
into ethylene. Thus, theleve of N-fixation activity
can be assessed by measuring the rate at which
acetylene, injected into asealed vessal containing
thewater or periphyton sample, isconverted to eth-
ylene. Because cellular N-fixation is an energy-
intengve process, generdly itisonly inducedinre-
goonsetointracelular N limitation. A gaschromato-
graphisrequired to measure the quantity of ethyl-
ene produced during thisassay.

These techniquesto measure metabolism rarely
areincorporated into routine monitoring and sur-
vey work becausethey requiremorefield timethan
typica water, phytoplankton, and periphyton sam-
pling. Inaddition, they arerelated closely to biom-
ass, which can vary substantially on aseasona ba-
ssand inrelation to westher-related disturbances.
Thus, although metabolic attributes of ga assem-

blages areimportant attributes of wetlands, algal
metabolism usually isnot incorporated into envi-
ronmentd assessmentsuntil thelater sagesof more
in-depthinvestigations.

Bioassay

For purposes of discussion such asthisone, bio-
assaysusualy are defined asin-lab cultures of or-
ganismsinwatersfromthestudy site. A valuable,
field-based use of thistechniqueistheSdenastrum
bottle assay inwhich known quantitiesof thishighly
culturable green dgaare added to water from the
sudy steand growthismonitored over apredefined
period (Cainand Trainor 1973, United States En-
vironmental Protection Agency 1978, Trainor and
Shubert 1973, Greeneet d. 1976, Ghosh and Gaur
1990, McCormick et a. 1996). Samples are in-
oculated with known amounts of thetest dgaand
incubated under controlled conditionsto determine
thebiomassyield after 14 days. Thisyield, known
astheagal growth potential (AGP), indicatesthe
bicavailability of nutrientsinthewater sample. Ina
second assay, the Limiting Nutrient Algal Assay
(LNAA), replicate water samplesare spiked with
different nutrients, either dlone or in combination.
Thenutrient yielding the greatest amount of biom-
assisidentified asbeing most limiting to the growth
of thistest population. Thetest algausedinthese
assaysisby no means ubiquitousamong wetlands,
and certainly theresponse of thisspeciesto nutrient
enrichment differsfrom that of many other algae.
Furthermore, populationsof dgaewithin awetland
community may belimited by different nutrients.
However, resultsfrom these ssmpletests often pro-
videreliable predictions of wetland nutrient status
and limitation (McCormick et al. 1996). Another
advantage of these testsisthat they can be stan-
dardized easily for use among wetlands that may
containdifferent dga communities. Disadvantages
includetheeffort required to establishand maintain
testing and culturefacilities.

Alternatively, bioassays can assess planktonic or
benthic assemblages from reference or test sites
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(rather than astandard test organism) and can be
conducted under highly controlled |aboratory con-
ditionsusngwatersfromthestudied habitatsor e se
conductedinthefield. Different dilution levelsof
effluents entering the regions under study or spe-
cific stressors (like phosphate) can beadded to lab
culturesor field mesocosms. Twist et al. (1997)
introduced the novel approach of embedding test
organismsin aginate (agarous substance) and cul-
turingthemingtu. Nutrient-diffusing substrata, mi-
crocosms, and mesocosms can be deployed at
many scaesinthefield (e.g., Coté 1983, Fairchild
eta. 1985, Gensemer 1991, Hoagland et al. 1993,
Lamberti and Steinman 1993, McCormick and
O’ Ddl 1996, Pan et al. 2000). Most investigators
tend to think that larger scale (bigger space and
longer time) manipulationsaremorelikely to reflect
changesthat occur in natura systems.

Theresponse of organismsto bioassays can pro-
vide another valuableline of evidencefor identify-
ing causes of environmental stress. Theresults of
bi cassayswhere specific chemicdsor effluentswere
added can be used to confirm cause-effect rela-
tions between parametersfor which only observa-
tiona correlations can be obtainedinfield surveys
(e.g., McCormick and O’ Dell 1996, Pan et a.
2000). If changesinmultiplealgal assemblageat-
tributes, particularly shiftsin speciescomposition,
aresmilar anongin stu, laboratory bioassaysand
adong environmenta gradientsinthefied, thengrong
evidence hasbeenfoundto link causesof changein
biologicd integrity inthefiddto thefactorsthat were
manipulated in the biocassays.

FIELD METHODS

SAMPLING PRESENT-DAY
ASSEMBLAGES

Many algal habitats can be sampled within wet-
lands using standard methods for other habitats
(Goldshorough and Robinson 1996, Gol dsborough
inpress). Composite sampling isrecommended to

reducevariability in assessmentsresulting from spatiad
variability within wetlands. Composite sampling
means gathering multiple collections (usually about
five) from areasaround thewetland and putting them
into thesame container. Compositesamplesal may
be from the same habitat (plankton, plants, sedi-
ments) and thus arereferred to astargeted habitat
samples; or they may include subsamplesfrom many
habitats and thus are referred to as multihabitat
samples.

In deep, open water wetlands, phytoplankton can
be sampled with Van Dorn, Kemmerer, or smilar
discrete-depth samplers (APHA 1998). However,
inmost cases, whole-water phytoplankton samples
can be collected by immersng acontainer. Toavoid
sampling particulate material suspended whilean
investigator entersthewetland, asmall plastic con-
tainer can be attached to theend of apole(ca. 2m
long). Qualitative samples can be collected with
plankton nets. However, werecommend collect-
ing wholewater sampleswith known volumeswhen-
ever possible, so that small algae are not missed
and samples can be assayed quantitatively. Algae
inwholewater samples can be concentrated by fil-
tering or settling (e.g., Wetzel and Likens 1991,
APHA 1998).

Metaphyton aremacroagd and microalgal masses
sugpended inthewater column and entangled among
macrophytesor aong shorelines (Hillebrand 1983,
Goldsborough and Robinson 1996). Quantitative
sampling of metaphyton requires collecting agae
from avertical column through the assemblage.
Coring tubes can be used to isolate and collect a
column of metaphyton. Scissorsare useful to cut
horizontal filamentsthat block theinsertion of the
tube through the metaphyton assemblage. Depth
of the core should not extend to the substratum.
Diameter of the core depends upon spatial vari-
ability of the metagphyton, on necessary samplesize,
and on ability toisolate the core of algaefrom sur-
rounding metaphyton (Stevenson personal obser-
vation). Metaphyton intheform of unconsolidated
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green clouds requires use of wider (ca. 10 cm)
cores, becausefilamentsaredifficult to isolatein
narrow cores and related edge-effect error isre-
duced with wider cores. Narrower cores (ca. 3
cm) can be used to sample consolidated microagal
mats. Metaphyton biomass should be expressed
onanared bass. Quditative samplesof metaphyton
can be gathered with grabs, forceps, strainers,
spoons, pipettes, or cooking basters.

Benthic algae are sampled by scraping hard or
firm substrata, such as rocks, plants, and tree
branches, usudly after they havebeenremoved from
thewater (Stevenson and Hashim 1989, Aloi 1990,
Porter et al. 1993). Coresof algae should be col-
lected on soft or unconsolidated substrata, such as
sedimentsand sand (Stevenson and Stoermer 1981,
Stevenson and Hashim 1989). Epiphytes can be
collected by cutting plantscloseto the sediment with
scissorsand placing themin aplastic bag withwa-
ter. Some subgtrata, such asbedrock and logs, can-
not be removed from the water. In those cases,
vertical tubescan be used to isolate an areaof sub-
stratum. After agaeare scraped from the substra-
tuminthetubewith abrush, dgaeand water inthe
tube can be removed with suction pumps.

Artificia substrata, such asmicroscope didesor
dowelsmadefrom glass, acrylic plastic, or wood,
can be used to assess benthic algal assemblagesin
wetlands (McCormick et al. 1996). Dowelsare
particularly easy to usein wetlands because they
only require sticking into sediments. If placedin
the samelight and depths, assemblages should be
highly sensitiveto water chemistry. Multiple sam-
plingsof substrataduring col oni zation can be used
to determine dispersd, growth rates, and peak bio-
masses of assemblages (Stevenson et a. 1991,
Stevenson 1996).

Samplesshould be preserved for later processing
assoon aspossible. If chlorophyll awill be ana-
lyzed, however, samples cannot be preserved until
subsampleshave been extracted inthelab. During

large survey projectswhenimmediate samplepro-
cessing isnot practical, samples can befrozen to
preservethem. Freezing disruptsonly largecells
with large-cell vacuoles, like Spirogyra or
Vaucheria. Small cells like diatoms and
cyanobacteriaarenot affected. Samplesfor AFDM
and cell count assays can be preserved with many
different preservatives. Inmost situations, M3 (a
combination of formaldehyde, glacia acetic acid,
and iodine; APHA 1998) is effective and reduces
formaldehyde concentrationsin samplesandinthe
lab. If flagellaof phytoplankton areimportant for
identification, Lugol’ spreservative (APHA 1998)
isrecommended. Some caution should be exer-
cised when fixing microorganisms. Double con-
centrations of preservative are recommended for
phytoplankton when treating dense periphyton as-
semblages. Many artifactscan surfaceinthe course
of sampling inwetlands, whicharehometo agresat
diversty of organisms, not dl of whichwill beegudly
well preserved (Klein Breteler 1985, Sherr and
Sherr 1993). Artifactscan be detected by examin-
ing some samplesimmediately after sampling and
before preservation. Artifactscan bestandardized
by using the same preservative.

SAMPLING HISTORIC ASSEMBLAGES

Inwetlandswith relaively undisturbed sediments,
achronologica record of environmenta conditions
may have been stored by algaethat settled to the
bottom (Slate 1998, Slate and Stevenson 2000).
Newer assemblages lie close to the surface, and
older assemblageslie deep within the sediments.
Algd assemblagesin sediments may have accumu-
lated for months, years, or centuries, depending on
the depth and disturbance of sediments. A large
variety of coring apparatuses have been used to
retrieve sediment cores (Smol and Glew 1992).
Telling thetime of historic changes dependsonthe
type of sectioning techniquesand equipment used.
Close-interva sectioning equipment and techniques
(e.g., Glew 1988, 1991) can provideahigh degree
of tempord resolution.
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A sediment coreusudly isremoved from near the
center of thewetland. Ingenerd, the central, flat
portion of abasin collects cellsfrom the broadest
region and retains deposits best, and so a more
holistic and complete record of past environmental
changeisarchived there.

Sediments and diatom assemblagesin them can
be dated. #°Pb often is used to date sediments
(Oldfiddand Appleby 1984), becauseit hasahdf-
lifeof 22.26 yearsand occursnaturaly. Datingwith
219Ph s reasonably accurate for about a century.
Alternatively, pa eolimnologists have sometimes
used a“top/bottom” approach by removing sur-
face sediment cores as they would in a detailed
pa ecenvironmenta assessment. Instead of section-
ing and andlyzing theentire core, however, they Im-
ply analyzethetop 1 cm of sediment (= present-
day conditions) and asediment level knownto have
been deposited before anthropogenic impact (i.e.,
the bottom sediment section). Thisapproach has
been used effectively to infer the amount of acidifi-
cationoccurringinlakes(Cumming et d. 1992, Dixit
eta. 1999) and eutrophication (e.g., Dixit and Smol
1994, Hall and Smol 1992). The employment of
diatom community compogition, diatom autecologi-
cd information, and pa eoenvironmenta approaches
can imply if not indicate the background conditions
of asystem and provide mitigation targetsfor envi-
ronmental remediation (Smol 1992).

L ABORATORY
METHODS

aboratory procedures for most routine

alga measures(e.g., chlorophyll, AFDM, cell
identification and counts) have been standardized
(e.g., APHA 1998, Stevenson and Bahls 1999).
These methods should be followed whenever fea-
sbleso that comparability anong sudiesisasgresat
aspossible. Inthissection, weset out the stepsto
determine algal attributes, and we provide refer-
encesto standard methods.

Upon return of samplestothelab, fill out dl sample
chain of custody (COC) formsand check sample
labelsto ensuretheir adhesion. If samplesneedto
be subsampled for multiple assays, homogenize
them with a biohomogeni zer (tissue homogenizer)
in abeaker before subsampling. Subsampling can
introduce error. Therefore, put homogenized
samples on amagnetic stirrer and remove two or
morealiquots of samplefor each subsampletore-
duce measurement error.

STRUCTURAL ATTRIBUTES

Taxonomic composition

Taxonomic composition of algal assemblages
requires microscopic examination of samples. The
methods used for microscopic identification and
counting of algae depend on the objectives of data
andyssandtypeof sample. A two-stepagd count-
ing processis being used in many environmental
programs. Thefirst stepisdesigned to character-
ize species composition of nondiatom algae in
samples. Thisstepiseliminated from projectsin
which only diatomsareanayzed. Inthisfirst step,
count al algae andidentify only nondiatom algeaein
awet mount at 400X (e.g., Pamer cell). If many
small dgae occur in samples, count dgae at 1000X
with aninverted microscope (Lund et a. 1958) or
with aregular microscope by drying samplesonto
acover glass, inverting the sample onto amicro-
scope didein 0.020 mL of water, and sealing the
sample by ringing the cover glasswith fingernail
polish or varnish (Stevenson and Bahls 1999). The
second step isto count diatoms after oxidation of
organic materia out of diatomsand mounting them
in a highly refractive mounting medium (e.g.,
Stevenson and Bahls 1999). Thistwo-step tech-
nigue provides the most complete taxonomic as-
sessment of an algal assemblage. Counts of 300
agd cdls, colonies, or filamentsand about 500 dia-
tom vaves arethe standard approach used in some
national programs (Porter et al. 1993, Pan et al.
1996). Counting thesenumbersof cdlsusualy pro-
vides relatively precise estimates of the relative
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abundances of the dominant taxain sample (with
observation of 10 or morecells, colonies, or fila-
mentsof eachtaxon). Alternatively, counting rules
can be defined so that cells of all algae areidenti-
fied and counted until at least 10 cells (or natural
counting units=cells, colonies, or filaments) of the
10 dominant taxaare counted (Stevenson unpub-
lished data). Thistype of rule, rather than afixed
total number of cdlls, ensuresprecisionin estimates
of aspecified number of taxa. Some assessment
programs primarily usediatoms (Bahls 1993, Ken-
tucky Division of Water 1993, Kelly et al. 1998,
Kwandranset a. 1998). The numbers of species
indiatom assemblagesusudly aresufficient to show
aresponse, provideanindicator of dgd biological
integrity, and provideindicators of environmental
stressors.

Taxonomic composition can berecorded aspres-
ence/absence, percent or proportiond reative abun-
dances, percent or proportiond relative biovolumes,
or absolute dengitiesand biovolumes of taxa(cells
or um? cm? or mL?). Although there isno pub-
lished comparison of theseformsof data, they rep-
resent levels of taxonomic scale and probably re-
flect agradient “from least variable to most vari-
able” on a temporal scale. Presence/absence
records of species should be based on observa
tionsof thousands of cellsand should reflect long-
term changesin habitat conditions, especidly if im-
migration and colonization of habitatsregulates spe-
ciesmembershipinasample. Relative abundance
and biovolumesof taxaprobably reflect recent habi-
tat conditions morethan long-term conditions be-
cause of recent speciesresponsesto their environ-
ment. Dengtiesand biovolumesof taxachangedally,
so absolute densities and biovolumes may betoo
sensitiveto detect morelong-term environmental
changes. Therdativeabundanceof celsmorecom-
monly is used as a metric than are relative
biovolumes, but thelatter are particularly vauable
when cell sizes vary greatly among taxa within
samples.

Biomass

Biomass of algal assemblages can be estimated
with measurementsof chl a, dry mass, ash-freedry
meass, dgd cdl dengty, biovolume, or chemicd mass
of samples. All these measurementshave prosand
cons (see Stevenson 1996 for review), because
nonedirectly measuresal congtituentsof agal bio-
massor only alga biomass. Chl aisfirst extracted
from cellsin acetone or methanol before measure-
ment by spectrophotometry, fluorometry, or high
performance liquid chromatography (HPLC)
(Lorenzen 1967, Mantouraand LIewellyn 1983,
Wetzel and Likens 1991, APHA 1998, Van
Heukelem et a. 1992, Millieet al. 1993). Spec-
trophotometric and fluorometric chl a assaysshould
be corrected for phaeophytin. Dry massand ash-
free dry mass are measured by drying and com-
busting samples (APHA 1998). Cell density is
measured after counting cdlsmicroscopicaly (Lund
et a. 1958, APHA 1998, Stevenson and Bahls
1999). Algal biovolume can be measured by dis-
tinguishing sizesof cellsduring micrascopic counts,
multiplying biovolumeby cell szefor al sze cat-
egories, andfinaly summing biovolumesfor dl size
categories in the sample (Stevenson et al. 1985,
Wetzel and Likens1991, APHA 1998, Hillebrand
et al. 1999).

Biomass aso can be estimated rapidly with field
assay’s, such as Secchi depth inthe water column
and percent cover and thickness of algal assem-
blages on substrata (Wetzel and Likens 1991).
Assessments of algal biomasswith Secchi depth
can be confounded by suspended inorganic mate-
rial and other factors (Preisendorfer 1986). The
advantage of assessing benthic dgal biomasswith
percent cover and thickness of ga assemblagesis
that biomass over alarge areacan be characterized
readily (Holmes and Whitton 1981, Sheath and
Burkholder 1985, Stevenson and Bahls1999).

Chemical Composition
Periphyton chemical concentrations can be de-
termined by collecting severd (e.g., five) represen-
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tative grab samplesof thedominant community from
different locationsto account for spatial variation
withinawetland. If an environmental gradientis
known or suspected to exist withinthewetland asa
result of, for example, point-source discharges, then
sitesalong this gradient should be sampled sepa-
rately. Comparisonsamong wetlandsor locations
within awetland should be done on ahabitat-spe-
cificbags(e.g., metaphyton, epiphyton, epipeon),
as habitat can affect periphyton chemical concen-
tration. For example, inreference areasof the Ev-
erglades, epipel on phosphorus concentrationstypi-
cdly aretwicethoseinthemetgphyton (McCormick
etd. 1998). Grab samplescanbecombinedintoa
single composite sampleto reduce analytical costs
and then arefrozen until processing. Samplesare
processed in the same manner asfor macrophyte
material to determineN and P content. N isdeter-
mined by CHN and Pisdetermined after digestion
and oxidation to PO,. Heavy metals are deter-
mined by atomic absorption after digestion or by
other instruments (e.g., inductively couple mass
gpectrometry). Many other chemica contaminants
also can beassayed in dgal samples, such astoxic
organics. Chemical contaminantsusually are ex-
pressed on a dry-mass basis, which reflects the
presence of contaminantsintheorganic (e.g., dga
cells, detritus) and inorganic (e.g., precipitated Ca
or sediment) fractionsof samples. SeeModule 10:
Using Vegetation to AssessEnvironmenta Condi-
tionsinWetlands, to comparewith vegetation-based
indicators.

FUNCTIONAL ATTRIBUTES

M easuring gross and net productivity and respi-
ration can be donein thefield with light and dark
chambers and changesin oxygen concentration if
thewater columnismixed, asiscommonin shalow
wetlands (Bott et a. 1978, Wetzdl and Likens
1991). Alternatively, productivity can be estimated
with changesin oxygen concentration in thewater
during adiel sampling period or at twolocationsin
agtream, if diffusion of oxygen from thewater col-

umnisaccounted for properly (Kelly et a. 1974,
Marzolf et al. 1994, Young and Huryn 1998).
Nutrient uptake can be measured as depl etion of
nutrientsin closed chambers. Phosphataseismea
sured with water samplesin thelaboratory (Hedey
and Hendzel 1979).

QA/QC

roper quality assurance/quality control
(QA/QC) isessentia, both to ensurethat re-
sults are accurate and defensible and to quantify
the degree of uncertainty associated with each mea-
surement. Inthisregard, requirementsfor dga sam-
pling protocolsare no different than for any other
assessment. Standard operating procedures
(SOPs) that detail each sampling and processing
procedure must be distributed to al personne par-
ticipating in the assessment process. One or more
individua swithin the assessment group must bedes-
ignated asthe QA/QC officer and beresponsible
for conducting routine auditsof field and |aboratory
personnel to ensure compliance with SOPs. De-
viationsfrom SOPsresulting fromunusud fiddevents
or conditions should be documented inwriting, us-
ingastandard form. Chain of custody sheetsshould
follow samplesthrough the processing train; such
documentation isimportant particularly if samples
areto betransferred among laboratories. Written
documentation, asjust described, oftenisneeded
to recreate the sampling and analysis process, to
account for missing data, and perhapsto explain
anomaousresults. Thisrecongtruction processcan
becriticd a theregulatory andlitigation stage, which
may occur severa years after the samples were
collected and key personnel haveleft the organiza-
tion.

Collection of duplicate samplesat asubset of all
wetlandsstudied (e.g., 5-10% of samples) provides
information on the amount of variation associated
with field sampling procedures. Similarly, process-
ing duplicatesubsamplesdlowsfor laboratory varia
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tion to be quantified, asisdoneroutinely for water
chemigtry samples. Theamount of acceptablevari-
ability dependsonthedegree of resolution required.
If variability isexcessve, asearch should be made
for the causes (e.g., habitat heterogeneity, sample
preparation, or taxonomic incons stencies).

Taxonomic QA/QC requiresthe greatest effort
and should include both photographic documenta:
tion and archived specimensof dl identified taxa.
Thefirg gepintaxonomic QA/QCishavingagood
taxonomic library. A tableof taxonomicreferences
can befound in Stevenson and Bahls (1999). Pho-
tographs provide aconvenient meansfor compar-
ing identificationsamong laboratory staff. How-
ever, microscopic examination of archived materid
oftenisnecessary to confirmidentifications. Dia-
tom samples can be archived on microscope dides
when mounted in most resin media, like NaprhaxO.
Long-term archiving of preserved dga samplesand
cleaned diatom samplesispossible by sedling con-
tainerswith tape and wax to prevent evaporation.
Channelsof communication within and among labo-
ratories(e.g., regularly scheduled lab meetings, Web
gtesthat are updated regularly) must beformaized
to ensure cond stency in taxonomic identifications
and nomenclature. These channdsof communica-
tion should be developed early in the project and
be maintained. Often, taxonomic workshopsare
held at regiona and national meetings. Periodicaly,
quantitative QA/QC determinations (e.g., labora-
tory saff counting thesamefiddsof thesamemount)
should be performed to determine the degree of
variability among counters.

DATA ANALYSIS

OBJECTIVES

The objectivesof programsand specific stepsin
dataanaysis should be defined clearly. First, at-
tributes of agal assemblages should be calculated,
which may includethefollowing: areal density of

cdls pigments, or mass, relative abundancesof taxa;
diversity attributes, % of organismsor taxawithin
taxonomic, autecological, or functiona group cat-
egories, speciesenvironmenta optimaand toler-
ances, and inferred environmenta conditionsbased
on speciesrel ative abundances. Early exploration
of thedatawill involve multivariate andysesto as-
sesscorrdation among environmenta variablesand
mgor changesinagd atributes(see Loweand Pan
1996 for discussion). Early metric development
may include testing algal attributes for merit as
metrics (see Module 6: Developing Metrics and
Indexesof Biologicd Integrity) and delinesting wet-
land classes to increase precision of metrics and
ability to distinguish impairment (see Module 7:
Wetlands Classification).

Dataanayssduring early stages of metric devel-
opment can be smple. The main goal isto find
wetland attributesthat reliably change along with
human disturbance (e.g., box plot analysis). Dur-
ing later sagesof metric devel opment, gudiesshould
be designed to describe stressor-responserel ation-
shipsmoreaccurately so that criteriacan be estab-
lished for protecting valued ecologicd atributes(lin-
ear and nonlinear regression, change point analy-
99). Indicatorsand stressor-responserel ationships
may vary among classes of wetlands; such variabil-
ity should beevauated.

Findly, projects should be established to monitor
status and trends in wetlands, and data analysis
should be used to determine whether sitesor popu-
lations of sitesmeet specific criteriaand how wet-
land condition changes over time. Each of these
stages can be approached with a variety of data
analysesto provide multiplelines of evidenceon
which management decisions can be based and
benefitsof correctiveactionsmonitored. Although
acompletereview of these analysesisbeyond the
scope of thismodule, thefollowing paragraphsde-
tail the calculation of environmenta optimaand of
autecologicd indicatorsof environmenta conditions.
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Anoverview of dataandyssusedinenvironmenta
programs is described briefly. Case studies fol-
lowing this section provide examples of how these
steps of dataanalysisareintegrated into environ-
menta programs.

ENVIRONMENTAL OPTIMA AND
AUTECOLOGICAL INDICES

Environmental optimafor taxacan be calculated
with avery straightforward approach, if algal as-
semblages are collected from arange of environ-
mental conditionsand if taxarespond to those con-
ditions (Zelinkaand Marvin 1961, ter Braak and
van Dam 1989). Computer programs have been
developed especially to devel op and test auteco-
logica indicesof environmenta conditions(Lineet
al. 1994, Jugginsand ter Braak 1992). Oftenthese
calculationsare preceded by amultivariate assess-
ment of variability in species composition among
assemblagesand correlations between patternsin

gpeciescomposition and environmenta factors(see
review in Lowe and Pan 1996). Identifying envi-
ronmental factorsthat are highly correlated with
changesin speciescomposition helpsto narrow the
selection of environmental factorsthat should be
used to characterize speciespreferences. Environ-
mental optima(Q, ) for each speciesare caculated
asaweighted average of therelative abundance of
gpeciesi indifferent habitats) (nij) and thek™ envi-
ronmental factor (eJK) inhabitat j:

Qi = S ani€dSiiah;

Environmental conditionsin ahabitat (EC,) can
then beinferred based on speciesautecologies(Q, )
and on relative abundances of speciesfor which
autecologiesareknown (nU.):

EC, = S anQi/Siiahy

TABLE 2. CALCULATION OF TOTAL PHOSPHORUS OPTIMA FOR 4 DIATOM
SPECIES WITH THE TOTAL PHOSPHORUS CONCENTRATIONS AND RELATIVE
ABUNDANCES (N, ) OF 4 TAXA AT 10 SITES
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SITE )| TPuG/L) FRSYNEGR MASMITHI NACRYTEN NIAMPHIB
n, TpP* n; n, TpP* n; n, TpP* n; n, TpP* ny;

1 24.8 0.052 1.30 0.348 8.64 0.003 0.07] 0.004 0.11
2 79.3 0.028 2.21 0.032 2.56 0.029 2.32| 0.526 41.72
3 12.4 0.089 1.11 0.340 4.22 0.000 0.00] 0.000 0.00
4 14.5 0.085 1.24 0.277 4.02 0.000 0.00] 0.000 0.00
5 110.3 0.012 1.37 0.123 13.57 0.023 2.58] 0.329 36.23
6 31.7 0.111 3.52 0.075 2.39 0.033 1.04| 0.027 0.86
7 57.5 0.066 3.82 0.043 2.49 0.037 2.13]1 0.326 18.74
8 46.9 0.024 1.12 0.093 4.34 0.115 5.39] 0.287 13.44
9 9.9 0.308 3.05 0.223 2.21 0.000 0.00] 0.000 0.00
10 10.0 0.090 0.90 0.531 5.31 0.000 0.00] 0.000 0.00

°°"(§;‘m3 0.867 19.63  2.087 49.74] 0240 1353 1499 11109

Optima 22.65 23.84 56.32 74.14
Frsynegr = Fragilaria synegrotesca; Masmithi = Mastogloia smithii; Nacryten = Navicula cryptotenella; and

Niamphib = Nitzschia amphibia.



Thefollowing example showshow theseindices
arecaculated. In Table 2, the total phosphorus
concentrationsin which 4 taxa (indicated by 8 let-
ter species codes) were found were recorded for
10 sites. The relative abundances (nij) were the
proportionsof diatom assemblagesthat thesetaxa
represented at the 10 sites. The products of the
phosphorus concentrationsand rel ative abundances
(TP, n”.) were cal cul ated; for example, that product
is1.30 for Fragilaria synegrotesca at site 1 and
1.04 for Navicula cryptotenella at site 6. The
sum of therelative abundances of eachtaxon at dl
sit&s(ZnU.) and the sum of the P concentration/rela
tive abundance products (2TP, nU.) werecdculated
and represent column sums (col. sums), for example,
0.867 and 19.63, respectively, for F. synegrotesca.
The environmental optimathen were calculated by
dividing thesum of the P concentration/rd aiveabun-
dance products by the sum of relative abundances
of each taxon, for example, 19.63/0.867=22.65.
Based on these calculations, F. synegrotesca and
Mastogloia smithii have lower total phosphorus
optimathan Navicula cryptotenella and Nitzschia
amphibia.

InTable3, inferred environmenta conditions(i.e.,
total phosphorus concentration) were calcul ated
with relative abundances (”i,-) and environmental
optima(Q,) for diatomtaxain samplesfromtwo
sites. Productsof species-relative abundancesand
environmentd optima(Q, nU.) werecdculated (eg.,
6.80 for F. synegrotesca at Site 1) and summed for
each sample, as were the relative abundances of
species for which environmental optima are not
known (nij*). If environmental optimaareknown
for dl taxa, n,= nij* . Inferred environmental con-
ditions, (i.e., the TP concentrationsinthisexample)
at stes1 and 2 were calculated asthe sum of prod-
ucts of species-relative abundances and environ-
menta optima (ZQ, nij) divided by the sum of spe-
cies-relaiveabundances (Z}nu.*) for whichenviron-
mental optimawereknown (e.g., 29.24=26.90/0.92
astel).

DEVELOPING AND TESTING METRICS

Deveoping and testing metricsfor dgaeinvolve
the same procedureasfor other kindsof organisms
(seeModule 6: Devel oping Metricsand Indexes of

TABLE 3: CALCULATION OF INFERRED TOTAL PHOSPHORUS CONCENTRATION
BASED ON THE RELATIVE ABUNDANCES (NU) OF FIVE TAXA AT TWO SITES AND
KNOWN TOTAL PHOSPHORUS OPTIMA FOR FOUR OF THE FIVE TAXA

TAXA TP OPTIMA
e/
n..
4
Frsynegr 22.65 0.30
Masmithi 23.84 0.50
Nacryten 56.32 0.04
Niamphib 74.14 0.08
Syulna na 0.08
col. sums (X)
Inferred TP conc.

SITE 1 SITE 2
Q nj n| Qi nj
680 030 005| 113 005
11.92 0.50 0.10 2.38 0.10
2.25 0.04 0.40 22.53 0.40
5.93 0.08 0.20 14.83 0.20
na 025 na

26.90 0.92

29.24

40.87 0.75

54.50

Frsynegr = Fragilaria synegrotesca; Masmithi = Mastogloia smithii; Nacryten = Navicula cryptotenella; and Niamphib =
Nitzschia amphibia; and Sulna = Synedra ulna. na = not available. nij* indicates the relative abundances of taxa for which

autecological optima are known.
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Biological Integrity). Box plots and regression
analysiscan beusedtoreatealgd attributesto hu-
man disturbance. Likeother metrics, ga metrics,
should be evaluated for their capability to distin-
guishimpaired condition from reference condition
(power) within aregion and their applicability to
different regions.

Indexes of biological integrity (IBIs) providea
means of summarizing complex multimetric results.
These indices combine the responses of several
metrics(e.g., taxonomic information, biomass, and
growth measures) to derive asingle number de-
scribing wetland condition. Theseindicesprovide
auseful and objective means of summarizing com-
plex ecological dataand have been adopted for use
by anumber of states (USEPA 1996). Asfor any
summary, theseindicesare most informative when
presented in conjunction with the response of indi-
vidua metrics. The development and application
of IBIsto assessing aguatic ecosystem condition
are discussed by Karr (1981) and Barbour et al.
(1999) and described in Module6. Algd IBlscur-
rently are used and more are under development
for assessing streams and rivers (Kentucky Divi-
sion of Water 1993, Hill et al. 2000). No IBIs
currently exist, however, for assessing alga condi-
tioninwetlands. Development of suchisdiscussed
by Stevenson (in press).

DEVELOPING CRITERIA

Assessing biological impactsrequires some sort
of threshold or criterion asto what isconsidered to
be an unacceptable condition. Definingawetland's
conditionintermsof biologica integrity providesa
response variablefor assessment. Changesin habi-
tat structure, productivity, and thefunctiond groups
within wetlandsare gross changesin biologica in-
tegrity that affect other organismsinwetlands. More
subtle changesin agal speciescomposition area
concern because they indicate a change in bio-
logical integrity of wetlands. Moreover, subtle
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changesin species composition also may indicate
alteration of the fundamental environmental con-
straintsthat regulate microbial processesin wet-
lands.

Algd characterigticsindicative of undisturbed and
dtered conditionshave beenidentified for lakesand
rivers, and, inmany cases, they apply asindicators
of conditionsin wetlandsaswell. However, the
point whereintegrity isimpaired can bedifficult to
determine when metrics change gradually in re-
sponse to enrichment. Abrupt changes in algal
metricsdong agradient of human disturbancewithin
or among wetlands providerdatively clear evidence
of impairment. Theseabrupt changesoftenaremost
precisely indicated by changesin dgd speciescom-
position. Significant changesaong thesegradients
can be detected using statistical procedures such
aschange-point analysis (see case studies). Non-
linear responses a ong disturbance gradients, there-
fore, can provideabasisfor establishing criteriaif
they are supported by an ecologica basisfor labdl-
ing achangeasanimpact. Indicatorsthat change
more linearly aong disturbance gradientsactualy
may bemost va uablefor assessng satusand trends
and detecting changesin ecosystemsat low levels
of human disturbanceaswell asat highlevels.

LIMITATIONS OF
CURRENT
KNOWLEDGE—
RESEARCH NEEDS

The basic tools exist to use agae in wetland
assessments. However, greater precision and
statistical power for detecting impairment can be
achieved. Severa factorscould improvethat ef-
fort. First, amore precise characterization of ex-
pected condition in wetlandswould alow amore
sengdtivedetection of impairment. That precisechar-
acterization dependson better classification of wet-



landsand selection of metrics. Still poorly under-
stood isthe scale of biological resolutioninvolved,
such asgenusversus specieslevel metricsor rela
tive abundances versus presence/absence data.

Other limitationsof current knowledge arerelated
to predicting stressors, effectsof changesinalga
biologicd integrity on other organisms, and results
of different wetland protection and remediation

approaches. Although first principlesof ecology
will enable development of good predictions, little
research has been donein wetlandsrelating agal
assemblages and production to elements of wet-
land ecology. More basic research in the under-
gtanding of therole of dgaeinwetlandswill enable
more effective use of algal assessmentsand more
successful management of wetlands.
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CASE STUDY 1
DEVELOPING ALGAL INDICATORS OF THE
ECOLOGICAL INTEGRITY OF MAINE WETLANDS

Jeanne DiFranco (Project Lead)

Maine Department of Environmenta Protection
312 Canco Road

Portland, ME 04103

Jan Stevenson

Michigan State University
Department of Zoology

203 Natura ScienceBuilding
East Lansing, M1 48824-1115

PROJECT OBJECTIVES

Thisproject wasdesigned to:

» Deveop sampling methodsfor algae and macroinvertebrates
* Deveophiologicd criteriafor Manewetlands

» Diagnosestressorsdegrading wetlands

PROJECT HISTORY

Maine DEPInitiated the Casco Bay Watershed biol ogica assessment project in 1998 and has completed
2yearsof sampling. The Casco Bay study isacooperative effort between Jeanne Difranco of Maine DEP
and Jan Stevenson of Michigan State University. Asof the January 2000 BAWWG conference, Jeanne
Difranco and the Maine DEP gtaff have andyzed 1998 macroinvertebrate dataand are processing the data
from the summer 1999 season. Jan Stevenson also has completed 2 years of sampling for algaeand is
now developing algal protocolsand metricsfor Mainewetlands. Inthis presentation of the Maine case
study, someof theresultsfromtheagal part of the project will be presented from thefirst sampling season.

STUDY DESIGN

In 1998, the first sampling season, 20 wetlands were selected in the Casco Bay Watershed. All the
wetlandsare semi-permanent or permanent depressiona wetlands and were selected based on six criteria
hydrologic regime, distribution of Sites, landscape position, disturbance gradient, management significance,
and accessibility. Six of the 30 wetlands were selected as minimally disturbed reference sites and the
othersrangein condition from good to poor quality.
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SAMPLING METHODS: ALGAE

Quantitative and qualitative a gae samples were gathered from the same 20 wetland sites as used for
macroinvertebrate sampling. Algaefrom plants, sediments, and the water column were sampled from
multiple steswithin each wetland and composited into one samplefor each habitat. 1naddition, amultihabitat
samplewas collected from each sitein which agae on plants, on sediments, and suspended in the water
were placed inthe same container.

Four dga sampletypeswere collected to determinewhich produced the best indicators. Sampleswere
collected from thewater column, plants, and sediments, and across the wetland asamultihabitat sample.
Sampleswere examined microscopically to determine species numbers and rel ative abundances of differ-
ent speciesin samples. Chlorophyll ainthewater column was assessed asan indicator of algal biomass.

Among thetools used for sampling were scissorsto clip plants off of the bottom substrate, aturkey
baster to collect sediment samples, and a bottle on a short pole or a hand-held cup to collect water
samples. For the multihabitat sample, dosesfrom each samplewere combined into one container.

ANALYTICAL METHODS:. ALGAE

Three disturbance indicators were used to eval uate responses of algd attributesto human alteration of
wetlands. aland useindicator developed by Maine DEP, trophic statusindicators (total Nitrogen, total
Phosphorus, and chlorophyll a), and hydrologic and sewage chemicals (Ca, Na, Cl). A suiteof alga
attributeswas compared to the disturbance indi cators to determine which types of indicators responded.
Theadgaeindicatorsincluded biologica integrity measures such as genus and speciesrichness, Shannon
diversity, and anumber of taxain different genera. European autoecol ogical information (VanDam et al.
1994) was used to determine environmental preferencesfor thetaxa. Weighted-average autecological
indiceswere cal culated with species-relative abundances and their autecol ogical characterizationstoinfer
environmenta stressasaconsequence of low moisture, organic N, low oxygen, pH, sdlt, and nutrients. A
preliminary analysisof the datais presented inwhich only afew of themany agdl attributes are compared
with human disturbanceindicators of the 20 wetlands.

LESSONS LEARNED

Diatomsfrom plants, sediments, and thewater column provided similar numbersof metricsof biological
integrity and indicesof stressors. Attributesof diatom assemblagesin multihabitat sampleswerenot as
wdll correlated with indicators of environmenta gradients of human disturbance aswere dtributesin as-
semblagesin samplesfrom single habitats (Table CS-1). Only 55 of the possible 400 algal attributes of
multihabitat sampleswere correlated with r>0.30, where as between 86 and 90 of the possible attributes
of algae on plants, on sediments, and in the water column were correlated to the indicators of human
disturbance.

31



TABLE CS-1. NUMBER OF TIMES ALGAL ATTRIBUTES WERE CORRELATED
(R>0.30) TO 20 POSSIBLE DISTURBANCE INDICATORS FOR ASSEMBLAGES
FROM EACH HABITAT

HABITAT | GENERA S N S/N H EVEN RICH Poss
Water 1 1 2 2 2 5 1 n=20
Sediments 1 4 0 4 2 2 2
Plants 5 4 4 4 3 2 4
Multihabitat |1 1 5 2 2 4 1
Sum 8 10 11 12 9 13 8 n=80

HABITAT ACHN CyMmB EuNO NAvVI| NITZ PINN
Water 4 6 4 5 8 7
Sediment 3 3 8 7 6 5
Plants 1 6 5 2 6 5
Multihabitat |4 3 2 2 5 2
Sum 12 18 19 16 25 19

HABITAT MoIsT ORG. N O, ToL PH | SALT ORG TOL TROPHIC SUM

Water 1 8 6 6 7 5 8 89
Sediment 1 7 3 6 7 7 8 86
Plants 0 8 7 4 6 7 7 90
Multihabitat 10 6 0 1 2 1 1 55
Sum 12 29 16 17 22 20 24 n=400

Thetableisbroken into three parts, each with aheading and the sum of times over all habitats
that each attribute was correlated to the 20 possible disturbance indicators (maximum = 80).
Thethree panelsare organized into: diversity metrics (Genera = number of genera, S=number
of species, N = number of organisms in count, S/N = number of organisms, H = Shannon
diversity, Even = Hurlburt’s Evenness, Rich = theoretical species richness based on S and
Even); species-based metrics (number of taxaof the diatom genera Achnanthes (Achn), Cymbella
(Cymb), Eunotia(Euno), Navicula(Nav), Nitzschia(Nitz), and Pinnularia (Pinn); and autecol ogi-
cal indices (moistureindex, organic N index, low O, toleranceindex, pH, salinity, organic pollu-
tionindex, and trophic statusindex).
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FIGURE CS-1. CHANGE IN NUMBER OF SPECIES IN THE DIATOM GENUS
EUNOTIA AND THE TROPHIC STATUS AUTECOLOGICAL INDEX WITH
INCREASING LEVELS OF THE MAINE DEP DISTURBANCE INDEX.

Metricsbased on the number of taxain common generaand on autecol ogical characteristics of species
weremore highly correlated with indicators of human disturbancethan diversity characteristicsof diatom
assemblages. Indicesbased on autecologica characteristicsof diatom speciesweredightly morereliable
than genus- based metrics (Figure CS-1), even though those characteristics were based on autecol ogical
characterizationsfor European popul ations of the same species. We expect that these autecol ogical indi-
ceswill improvewhen environmenta preferences are based on distributions of regiona populations.

To better understand how to characterize gradients of human disturbance, the number of algal attributes
that corrdlated with r>0.30to each indicator of human disturbancewasdetermined. Ingenerd, conservative
ionssuch asCl, Na, and Cacorrelated more highly to changesin diatom assemblages (Figure CS-2) than
did nutrient concentrations and fiel d-based indicators of disturbance (e.g., Mane DEP Disturbance Index).
Of thefield-based indicators of human disturbance, dgae related most to the percent of impervioussurface
and nonpoint source pollution, with 39 out of 80 algd attributesinthe4 habitatsbeing related for the latter
disurbanceindicators(Table CS-2). Thesenumbersactualy weresmilar tothe 31- 45 rangeof correlations
between disturbance and algd attributesfor the chemical, general-disturbanceindicators. Notethat dgae
responded moreto direct indicatorsof individua stressorsrather than to acumulative summary index of
human disturbance based on field assessments. Tota phosphoruscorrelated moreto aga attributesthan
didtotal nitrogen or chlorophyll ainthewater column.
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FIGURE CS-2: CHANGE IN NUMBER OF SPECIES IN THE DIATOM GENUS
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TABLE CS-2. NUMBER OF TIMES ATTRIBUTES OF HUMAN DISTURBANCE

ASSEMBLAGES FROM EACH HABITAT

CORRELATED (R>0.30) TO 20 POSSIBLE ALGAL ATTRIBUTES FOR ALGAL

HABITAT HYDRO VEG IMPERV NPS CuMm
Water 5 2 14 10 10
Sediment 5 1 12 9 8
Plants 1 2 3 14 9
Multihabitat 4 6 10 6 4
Sum 15 11 39 39 31

HABITAT TN TP CHL A
Water 4 9 2
Sediment 2 11 2
Plants 5 5 3
Multihabitat 5 1 3
Sum 16 26 10

HABITAT CaA NA CL
Water 10 12 10
Sediment 13 13 10
Plants 5 15 13
Multihabitat 3 5 5
Sum 31 45 38

Thetableisbroken into three parts, each with aheading and the sum of times over all habitats that
each attribute of human disturbance correlated to the 20 possible algal indicators (maximum = 80).
The three panels are organized into land use indicators based on field assessments by Maine DEP
(hydrologic disturbance, vegetative disturbance, percent impervious surface, nonpoint source pol-
[ution, and cumulativeindex of all four disturbancetypes); trophic statusindicators, total phospho-
rus, total nitrogen, and chlorophyll a; and general human disturbance indicators as concentrations

of calcium, sodium, and chloride.
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CASE STUDY 2.
FLORIDA EVERGLADES

Contact | nfor mation

Russdl Frydenborg

FloridaDepartment Environmental Protection
2600 Blair Stone Road, MS 6511
Tallahassee, FL 32399-2400

(850) 921-9821

PURPOSE OF PROJECT

This project wasinitiated to monitor biological assemblages acrossanutrient gradient inthe Florida
Evergladesin support of regulatory effortsto defineanumeric water qudlity criterion for phosphorus. The
god isprotection of natural populationsof aquatic floraand faunain the Everglades Protection Area.

PROJECT HISTORY

The historic Florida Everglades consisted of approximately 4 million acres of shallow sawgrass marsh,
withwet prairiesand aguatic doughsinterspersed with treeidands. Today, only 50 percent of theorigina
Everglades ecosystem remains, primarily asaresult of drainage and conversion of large portions of the
northern and eastern Evergladesto agricultural or urban land use. Theremaining portionsof the historic
Evergladesarelocated in the Water Conservation Areas (WCAS) and Everglades National Park (ENP).

The Everglades ecosystem evolved under extremely low phosphorus concentrationsand isconsidered
an oligotrophic ecosystem. A large body of evidenceindicatesthat phosphorusisthe primary limiting
nutrient throughout the remaining Everglades. Theintroduction of excess phosphorusinto the Everglades
has resulted in ecological changes over large areas of the marsh. The Everglades Forever Act (EFA;
Section 373.4592, FloridaStatutes), passed by the FloridaLegidaturein 1994, stated that watersflowing
into the part of the remnant Everglades known as the Everglades Protection Area (defined as Water
Conservation Areas 1, 2A, 2B, 3A, 3B and ENP) contain excessive levels of phosphorus and that a
reductioninlevelsof phosphoruswill benefit the ecology of the Everglades Protection Area. The EFA
requiresthe Florida Department of Environmental Protection (FDEP) and the South Florida\Water Man-
agement District (SFWMD) to compl ete research necessary to establish anumeric phosphoruscriterion
for the EvergladesProtection Area.

The SFWMD Everglades System Research Divison (ESRD) initiated asuccession of studies, beginning
in 1993 and continuing to the present, as part of the research and monitoring being conducted in the
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Evergladesfor the purposes of phosphorus criterion development. Biological monitoring for the ESRD
studieswasinitiated in early 1994in WCA 2A. Datafrom thisand other studiesare being used by FDEP
inthe development of anumeric phosphoruscriterion for the Everglades Protection Area.

. \es=ilake A
i iif@keecka e L

W.J_/-/ e ""'Ik/ .-\—7 g

Area of Interest within
Everglades Protection Area

10 0 10 20 30 Kilometers
el

10 0 10 20 30 Miles
e ey ——

Everglades Agricultural Area
Everglades Protection Area
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Major Conveyance Canal

STUDY DESIGN

SFWMD ESRD initidly selected 13 stesaong two transects|ocated downstream of canalsdischarging
into WCA 2A and extending down the phosphorus gradient into least affected areas of the marsh. Sam-
pling sitesranged from the cand inflows (discharge structures on the north-eastern margin of WCA 2A) to
astenearly 15 kmdownstream fromthe cand inflows. Threeof the 13 main Sitesspecificaly werechosen
to represent the least affected areaof WCA 2A with respect to anthropogenic disturbance (sitesU1-U3).
A seriesof 15 additional " intermediate”’ siteswere added to the study later to obtain better spatia cover-
age of thelower portion of thetransects. The Siteshave been monitored for water, sediment, and biologi-
cd qudlity.
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ASSEMBLAGES MONITORED

B Algee(phytoplankton and periphyton)
B Macroinvertebrates

B Macrophytes

SAMPLING METHODS: ALGAE

B Water Bottles—phytoplankton samplesinitialy were collected monthly and later were collected quar-
terly usng water bottles. Sampleswere preserved in thefield and sent to the FDEP Central Biology
L aboratory for taxonomic identification.

B Diatometers—rackseach containing six glassdiatometer didesweredeployed quarterly at each Site. It
was determined that an 8-week period of deployment was necessary to allow for sufficient periphyton
growth. Diatometerswere collected and preserved and sent to the FDEP Central Biology L aboratory
for processing and taxonomic identification.

B Natural Substrate (benthic)—samples of benthic periphyton were collected from surficial sediment

cores at the main transect siteson severa occasions. Sampleswereretained by SFWMD ESRD for
processing and taxonomicidentification.
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SAMPLING METHODS: MACROINVERTEBRATES

B Dipnet—SFWMD staff conducted quarterly macroinvertebrate sampling using astandard D-frame
dipnet with a 30-mesh bag from September 1994, through November 1995. The sampling method
consisted of the collection of twenty 0.5-meter (in length) discrete dipnet swveepsfrom representative
habitatsin the area of each site on agiven sampling date. The 20 dipnet sweepsfor agiven sitewere
combined and sent to the FDEP Centra Biology L aboratory for processing and taxonomic identifica-
tion.

B Quan Net—Beginningin May 1996, SFWMD staff conducted quarterly macroinvertebrate sampling
using the Quan Net method. The sampling method consisted of the deployment of al n? frameat the
site, and the collection of net samples and all vegetation within the area of the frame. Frameswere
deployed in each of severa representative habitats, where present, inthevicinity of each ste. Samples
from each Site/habitat were kept separate. Representative habitatswere labeled ascattail, sawgrass, or
dough, depending on the predominant vegetationtype. The collected materid from each site/habitat
was subsampled, preserved, and sent to the FDEP Central Biology Laboratory for processing and
taxonomic identification.

B Hester-Dendy—SFWMD staff deployed Hester-Dendy artificial substrate samplersat each of the
main transect Steson aquarterly basis. The samplerswere deployed for a1-month period, after which
they were collected, preserved, and sent to the FDEP Central Biology Laboratory for processing and
taxonomic identification.

SAMPLING METHODS. MACROPHYTES

B Macrophyte Stem Density and Frequency—In April 1997, SFWMD staff conducted a study of mac-
rophytesat the WCA 2A transect sites. A 50-meter tapewaslaid out at each transect site. A 1-meter
square frame was used every 2 meters along the tape to delineate the sample areafor cal culation of
macrophyte stem densities (stems/m?) and frequencies (# plots where a specieswas found/total # of

plots) by species.

B Macrophyte Harvesting—On the other side of the 50-meter tape used for establishing stem densities
and frequencies, SFWMD staff harvested macrophytesfor biomass measurements, using the 1-meter
squareframe at five predetermined locationsto mark the sample areafor harvesting.

ANALYTICAL METHODS: ALGAE

B Water Bottles—Sampleswere processed and enumerated by FDEP Central Biology Laboratory staff
according to FDEP SOPs (e.g., AB-04 and AB-05; available at http://mmww.dep.state.fl.us/labs/
sops.htm). Analysesfrom thisand other studies have indicated that Everglades phytoplankton are
largdly periphyton that has doughed off into thewater column. Thus, algd dataanalysswasfocused on
the periphyton data.
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B Diatometers—Sampleswere processed and enumerated by FDEP Central Biology Laboratory staff
according to FDEP SOPs (e.g., AB-02, AB-02.1, AB-02.2, and AB-03; available at http://
www.dep.state.fl.ug/labs/sops.htm ).

B Natura Substrate (benthic)— SFWMD processed and enumerated natural substrate samples.

ANALYTICAL METHODS: MACROINVERTEBRATES

B Dipnet and Quan Net—FDEP Centra Biology L aboratory staff subsampled the dipnet and quan net
samplesfrom each site and analyzed them according to FDEP SOPs (e.g., 1Z-02 and 1 Z-06; avail-
able at http://mww.dep.state.fl.us/labs/sops.htm).

B Hester Dendy—FDEP Central Biology Laboratory staff processed and anayzed the Hester-Dendy
samplesfrom each site according to FDEP SOPs(e.g., |Z-03 and 1 Z-06; avail able at http: //
www.dep.state.fl.ug/labs/sops.htm ).

ANALYTICAL METHODS: MACROPHYTES

B Macrophyte Stem Density and Frequency—Stem densities (stems/n?) and frequencies (# plots
where aspecieswasfound/total # of plots) by specieswere counted at each site.

B Macrophyte Harvesting—SRWMD staff conducted biomass analysis of the harvested macrophytes
for comparison of therelative biomass of several species present at each of the WCA 2A transect
sites (e.g., Eleocharis, Nymphaea, Typha).

LESSONS LEARNED

Periphyton, macroinvertebrate, and macrophyte communitiesin WCA 2A change substantially from
reference conditions at approximately 7 to 8 km downstream of canal dischargesinto WCA 2A (see
graphs below). Dataanalysis has shown that biological populations at the two stations (E5 and F5)
nearest to thethreeinitia reference sites (U1-U3) arevery smilar intermsof biologica community struc-
ture. Thisanaysssuggeststhat these areas, despite dight phosphorus enrichment, till support reference
condition biota. The somewhat higher phosphorusregimeat the next stations (E4 and F4 and beyond) are
associated with greater biological changes. Experimental field dosing studies (mesocosms) have been
conducted by SFWMD ESRD, which show that the addition of phosphorus causes changesin periphyton
assemblages cons stent with those observed in the transect studly.

TheWCA 2A transect periphyton datafor each site/date have been analyzed using the entire taxonomic
assembl age encountered and using lists of pollution- sensitive and tol erant species based on available
literature and based on experimental phosphorus addition studies (the mesocosms) in WCA 2A.
M acroinvertebrate data have been anadyzed using the F oridal ndex and the macroinvertebrate component
of the Lake Condition Index (L CI), measures of the numbers of pollution-sensitivetaxain asamplethat
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areroutinely used by FDEP in bioassessments of streamsand lakes. The use of these methodswith the
WCA 2A transect datahasdemonstrated aclear sgnal of biologica disturbance along thenutrient gradient
inNWCA 2A. FDEPisusing thisinformation aswell asinformation from other studies conducted inthe
HoridaEvergladesto devel op anumeric phosphoruscriterion for the Everglades Protection Area.
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CHANGE POINT ANALYSES OF ELEOCHARIS FREQUENCY OF OCCURRENCE AND
BIOMASS DATA ALONG THE SFWMD TRANSECTS. COLLECTED APRIL 1997.
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ADDITIONAL COMMENTS

Theinformation provided hereisbased solely on the transect study by SFWMD ESRD in WCA 2A.
Research and monitoring of Florida Evergladeswater, sediment, and biological quality arebeing con-
ducted by several research groupsin WCA 2A, WCA 1 (Arthur R. Marshall Loxahatchee National
Wildlife Refuge), Everglades National Park (ENP), and WCA 3A, including studiesby SFWMD ESRD
similar tothe WCA 2A transect study.
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