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INTRODUCTION

Monitoring programsare difficult to designeven when they focus on

specificproblems,such as water quality in a particularbody of water.

Ecosystemsare complex,and it is often impossibleto predeterminewhat

aspectsof system structureor dynamics will respondto a specific insult, lt

is equally difficultto interpretwhether a responseis a stabilizing
'

compensatorymechanismor a real loss'of capacityto maintain the ecosystem.

The problems are compoundedin a broad monitoringprogram designedto

assess ecosystem"health" at regional and continentalscales, lt is

challengingin the extremeto monitor ecosystemresponse,at any scale, to

past insultsas well as an Llnknownfuture array of impacts.

The challengecan be illustratedby problems in data interpretation.

When indicatorsare remeasuredafter 5 to 10 years, some values will have

changed. Dees the change indicatea trend or normal fluctuations? Stochastic

fluctuationsin weathercan account for many short-termchar,ges. A number of

ecologicalphenomena,such as predator-preycycles, _re known to fluctuate

normallyover 3 to 10 year cycles.
z

Reliableevidenceof trends requiresmonitoring over a long period of

time. Likens (1983) showedthat 20 years of continuousrecords were needed at

Hubbard Brook to determinestatisticallysignificanttrends in watershed

geochemistry. Golaman (1981)showed that 15 years of secchi disc readings

were needed at Lake Tahoe to establisha statisticallysignificantreduction

in transparency. Only these extended data sets allow unambiguousassociation

of a change in an indicatormeasurementto al,ecosystemtrend.
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But in spite of the challenge,systematicmonitoringis critically

needed to balance anecdotali_iformation.A singlewarm summer causes media

speculationthat global warminghas started. But, it is clear that we have

not been measuringweather long enough to be able to characterizeallof the

normal trends. Nevertheless,the newspapersand televisionjump on every

short-termfluctuationas evidenceof monotonicchange. Systematicmonitoring

with statisticallyvalid designs is needed to producereliable indicatorsof

trends.

The present paper will examine some of the fundamentalissues and

challengesraised by large-scalemonitoring efforts. The challengeswill

serve as a frameworkand as an excuse to discuss several importanttopics in

more detail. Followingthe discussionof challenges,we suggest some basic

innovationsthat could be importantacross a range of monitoringprograms.

The innovationsincludeintegrativemeasures, innovativemethodology,and

creative interpretation.

FUNDAMENTALMONITORING CHALLENGES

As a frameworkfor this presentation,we will consider the basic

challengesunder threeheadings" multiple objectives,ecosystemcomplexity,

__ and the ambiguityof ecosystem"health."

Dilemmasarisinq from multipleobjectives."

The first challengepresentedto a monitoringprogramresults from its

own objectives. Major programs are large and expensive. Selling the program,
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therefore,requiresobjectivesthat appeal to a variety of potential sponsors

and users.

Multiple objectivesmay be a necessarypart of programdevelopment. But

it must also be realized that multipleobjectiveslead to mui_,ipleand varied

expectationsthat may be very difficultto fulfill. The problemcan be

illustratedby drawingon the statedobjectivesof the U.S. Environmental

Monitoring.and Assessment Program (EMAP). The intent is not to be critical of

EMAP. The use of multiple objectivesis ubiquitous,and the comments apply to

most generalmonitoringprograms.

The overallobjectiveof EMAP is to monitor ecologicalstatus and

trends,developingestimatesby reg!on,state,and nation that are

statisticallyvalid, unbiased by sampling,and with known confidence

intervals. This objectiveappearsrelativelyinnocent. The aim is ambitious

but achievable. The problems begin when this general objectiveis subdivided

into a series of ancillaryebjectives. For present purposes,we consider four

categories.

The first category deals with the extent of ecological resourcesand

their geographicdistribution. This level of objective is addressedby

remoteiy-senseddata, appropriatelyclassifiedinto ecologicalresources. The

fir:_timportantchallenge is to choose a spatialresolutionfor the map and an

- appropriateclassificationscheme that permitsassessmentof important

ecosystemor habitat types. These are not trivial challenges. For example,

false indicationsot change can resultfrom slight changes in interpretation

of the classificationscheme by later interpreters. But, with this proviso,

the objectiveis eminently achievablewithin current scientificunderstanding

and technologicalexpertise. The second challengeis to translatethe



changing "map" of ecosystems into a meaningful assessment of environmental

health. Wereturn to this challenge in a later section of the paper.

The second category of objectives goes beyond the ecological "map" to

questions about ecosystem structure and function What proportion of the

existing natural ecosystems are in good or acceptable condition? What

proportion is degrading or improving and at what rates? Unlike the first

category of objectives, this category significantly challenges

state-of-the-art scientific understanding. This category raises the spectre

of "ecosystem health." Wereturn later to the matter of whether or not the

concept of "health" can be unambiguously defined.

The third category of objectives seeks correlations betweenecosystem

conditions and anthropogenic impacts. The [MAP program seeks to associate

ecological monitoring with pollutant exposure monitoring and so draw

conclusions about the causes of e,cosystem degradation. This class of

objectize relates directly to EPA's need to determine if corrective steps

taken by the agency are working.

Relating ecosystem condition to anthropogenic impacts is, of course,

extremely important. This is, in fact, one of the primary motivations for

environmental monitoring. The objective does, however, imply an understanding

of causal relationships that represents a state-of-the-art challenge Lo

ecology.

The extent of the challenge depends largely on the individual case.

Bluegreen algal blooms make one suspect phosphorus amendments. Unusual fish

mortality makes one suspect alterations in water temperature and/or chemistry.

Dysfunctional, yellowed foliage makes one suspect air pollutants. Similarly,

increased water clarity may be reasonably attributed to successful effortsto



controlsiltation. Increasedraptor populationsmay be reasonably attributed

to successfulcontrolson pesticides. There are many similar cases in which

causalityhas been independentlyestablishedby research,and monitoringdata

can be related to anthropogeniccauses.

Onthe other hand, how do you interprettree mortalitywhen accompanied

by drought stress and insectpests? In the absenceof controls,how can you

determinethe extent to which air pollutantscontributedto the mortality.

Similarly,how do you interpretreduced recruitmentof fish? Have your

effortsto increasewater quality failed? Or is the recruitmentfailuredue

to any of dozens to hundredsof other causes? Ordinarily,no statistically

valid statementcan be made. Attributingcausal linkages involves

experimentationthat goes beyond the scope of monitoring. Stated in the
,,

simplestterms, unambiguousattributionof causationdemands experimental

controlsthat do not exist in monitoring programs. Monitoring can suggest,

but it can seldom demonstratecausality.

The fourth and final category of objectives goes beyond causality to

prediction. The EMAPprogram wishes to develop innovative methods for

anticipating emerging problems before they become crises. The problem with

this objective can be simply stated. If scientists cannot tell you what

caused the change you have just seen, they certainly are not able to tell you

what happens next. Wereturn in a later section to a more detailed analysis

of why it is so difficult to predict ecological systems. For now, suffice it

to say that an objective that says that a monitoring program will warn you

beforehand of a critical change is going to raise expectations that cannot

always be fulfilled. Saying that monitoring can predict change is not a

challenge, it is an impossibility. Ecological systems will continue to



surpriseus. The one thing you can count on is that at some future time, some

crisiswill indeed occur that you did not and could not anticipate.

But it may be objectedthat anticipatingfuture change does not really

involveprediction. Rather it involvesan "early warning system"that detects

a significantchange before it becomesa crisis. This interpretationevades

the predictionproblem but falls into its own unique trap by establishingan

unreasonableexpectation. If anythingever happens that you didn't detect,
c

the objective is not achievedand the program is deemed a failure.

The question is whetheror not it is really possible to devise a

monitoringprogram that can beat the early warning system formed by the vast

networkof local naturalists? Can any feasible program beat several million

observers? Can you establisha statisticallyvalid trendbefore local

newspapershave assuredthe public,beyond any shadowof a doubt, that the

trend has been going on for years? Stated factitiously,the only feasible

"earlywarning system" is an 800- telephonenumber posed in every bait and

tackle shop in thecountry.

If you object that casualobserverswill see a change first but cannot

say how significantthe change is, you are still trappedon the horns of the

dilemma, The systematicdeterminationof a statisticallysignificanttrend

may take years to establish. Becauseof the length of time involved,there is

no guarantee that you can establishthe trend before the situationbecomes a

crisis.

The real point is that multipleobjectives,necessaryfor the initiation

of large-scalemonitoring programs,presenta series or_ dilemmas or

challenges. Stated negatively,multipleobjectivestend to raise expectations

that cannot ultimatelybe fulfilled. Stated positively,the objectives of
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(I) detectingchange in extent and distribution,(2) assess ng ecosystem

condition, (3) suggestingcausality,and (4) assessingthe risk of future

crises presenta noble, if quixotic,challengeto the scienceof ecology.

Whether or not they are stated explicitly,this set of fundamentalobjectives

underliesmany monitoringprograms and might well serve as a definitionof

Applied Ecology.

Dilemm,asin dealinq with a middle-.numbersLystem:

Ecosystemsare middle-numbersystems(O'Neilland Waide 1981, Allen and

Start 1982, O'Neillet al. 1986). There are too many componentsto consider

each entity separately. Thus, we are denied the small-numberapproach that

has been so successfulin Physics. In a small-numbersystem,each component

can be consideredin a separateequationdealing with all possible

interactions. On the other hand, ecosystemsdo not contain Avogadro's

number of nearly identicalcomponents. Thus, we are denied the physicist's

approachto large-numbersystems,like gases, where only average properties,

such as temperature,need be considered. In middle-numbersystems,there is

no known procedurefor ignoringcomplexity(Weinberg1975).

The dilemmaposed by middle-numbersystems is profound, lt is certainly

possibleto set up an experiment, controllingalmost all relevant

interactions,and e:stablishpredictablerelationships. Thus, we can measure a

consistentrelationshipbetweennet primaryproduction (NPP) and temperature

in a potted plant in an environmentalchamber. But set everythingloose at

once and predictabilitygoes to hell in a handbasket! We know a great deal

about NPP but farmingremains a high-riskventure.
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One of the most interestingfeaturesof middle-numbersystems is the

uncompromisingreaction of mankind in generaland scientists in particular.
,,

"Giveme a bit more time, a bigger computer,and a lot more money and I will

crack the problem. I simply don't understandenough yet." There is no way to

demonstratedefinitivelythe error of this credo, but it remains a statement

of blind faith. The statementis foundedon an undyingfaith in the

fundamentalorderlinessof the universe and the near-.infinitecapacitiesof

the human mind to grasp that orderliness. Heisenberg'suncertaintyprinciple,

the stochasticnature of quantummechanics,chaotic analysis,and the human

experienceof severalcenturieshas done littleor nothing to shake our

confidence.

The dilemma of middle-numbersystemsis an importantpoint and some

exampleswill drive the point home. Human economicsystems are also

middle-numbersystems. Incrediblesums of money are spent monitoring the

economic system. What simpleset of indicators,measured across time and

space,would permit you to detect a trend and predictcrisis? Would any

conceivableset of monitoring indicators,for example, havepredicted that

Iraqwould invade Kuwait and throw the Stock Market into a tizzy?

Ok_,y,but economicsis a human system and we know they are complex.

Surely things get better if we deal with a purelyphysical system. Surely

physics, the mother science,has everythingin hand and we children can learn

at our mother's knee, So let's consider a simplephysical system, the

weather. Once again, incrediblesums of money are spent in moni+_ring. But

there is no "800" numberyou can call to find out if it will rain here week

after next!

i
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Well, alright, but weather involves the global system and we cantt do

much with •that vast a scale. Letts get down to a nice deterministic,

mechanical system that we know plumb EVERYTHINGabout, say the automobile.

Can you predict when the car will break down on the day you purchase it? How

do you monitor to prevent crises? You can monitor hundreds of factors and

then a piece of meta] fatiguesor a hose breaks and your predictiongoes out

the window!

Whetheror not middle-numbersystemsultimatelyturn out to be

)redictableis a matter for the future to decide, The profound dilemmafor us

to ponder is that we cannotpredict their behavior now. If we convertedthe_

U.S. defense budget to the effort,we could not devise a medical monitoring

programthat could predictwho will die of what cause and when. Therefore,

any environmentalmonitoringprogrammust face the inescapablereality that no

simple set of indicatorscan capture the complexityof a middle-number system.

We can make educated guesses,but we know of no way to proceed beyond guesses.

We certainlycan choose indicatorswisely. We can devise measurements

that indicateundesirabletrends. But we cannot predict and prevent crises.

Oil tanker captainswill continueto drink too much at the wrong time. _

Equallyimportant,we cannot develop any simple set of measures that will

detect all possible undesirabletrends. We can design prudently. But we must

be careful not to raiseunreasonable expectations. Becauseecosystems are

middle-numbersystems,NO monitoringprogram can be perfector foolproof.



Dilemmas in defin,inq ecosystem"health":

Specificmonitoringprogramsare always simplerto design and interpret

than generalprograms. Productionforestersmonitor for wood production. The

"healthy"ecosystemmaximizeswood production. One can measuretree growth

and even core the trees for rot to determine quality. But in a general

program,designed to assess ecosystem"health" (Schaefferet al. 1988,

Hunsakerand Carpenter 1990), it is difficultto avoid conflicts arisingfrom

differences in value systems.

Monitoring programs are public programs. The EMAPprogram, in

particular, is designed to provide decision-makers and the general public with

assessments of the state of,the environment As a result, it is difficult to
.

separate the question of ecosystem "health" from questions of human values.

The problemcan be illustratedby contrastingthe view of

preservationistswi_h those whose living depends on the utilizationof natural

resources. The preservationistconsidersany change of the ecosystemaway

from the natural, unmanagedstate as "unhealthy." In contrast,those who

utilizethe resourcemay emphasizemaximum utility. To the forest managers an

old growth forest is full of rotten,damaged trees. Leavingthe system

unmanagedleads to an "unhealthy"state. To the industrialist,a "healthy"

environmentis one that retains its capacity to process and detoxify wastes.

The problemsposed by conflictingvalues can lead to amusing anecdotes.

In the early 1970's a controversyarose over the Indian Point Power plant.

The cooling systemdrew water from the shallow spawningareas of the striped

bass and threatenedthe population(Van Winkle 1977). Early assessments

indicatedthat there would be litt.leimpact on the "health"of the Hudson

_ River ecusystem,since the stripedbass would simply be replaced by other
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species. Nevertheless,the impacton the striped bass was considered

importantand the power plant buil.,coolingtowers. Fifteenyears later there

are problems in the Hudson River. The commercialfishermenharvestingshad

for roe are complaining. There are so many stripedbass that they are

cloggingnets and making the fisheryunprofitable.

This example indicateshow differentvalue systemsyield different
. •

definitionsof health, To the sportsman,increasingbass populationsare a

sign of vigorous "health." To the shad fisherman,the bass are a sign of

imbalanceand ill health.

A similarexample can be developedaroundmanagement of Yellowstone

NationalPark. Park policy is to leave things alone and the system will

develop into a pre-Columbianbalancedstate Other ecologists argue that the

pre-Columbiansystem saw frequent Indianfires and extensive huntingof elk

and bison. Man is apart of the system,not an intruder. The extensivefires

in 1988 and ungulatepressure on some communitytypes are seen by some as

demonstrationof the wisdom of the ecologists'view. But the fact remains

that differentviews of the ecosystemled to significantdifferencesof

opinion as to whether or not undisturbedforestgrowth and expandingungulate

populationsindicated improvedecosystem "health."

lt is not clear that any indisputabledefinition of ecosystem "health"

can be devised. In these circumstances,the fundamentalchallenge is to come

up with a suite of measurementindicatorsthat address multiple value systems

and consider a varietyof interpretationsof ecosystemhealth. And, of
l

course, all of this has to remaln within budget!

-
i
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INNOVATIVEAPPROACHESTO MONITORING

Let us now turn from the dilemmas that make monitoring a challenge. If

we focus too long on the challenges,we may decide that monitoring is too

difficultto attempt. In fact, we have little choice but to begin. And in

beginning,we need to exhaustour creativeenergies in seeking new ways to

addr,_ss the problems. I would like to suggest three _reas that can generate

significant innovations: integrativemeasures, remote telemetry, and creative

data xinterpretat i on.

Inteqrativemeasures of ecosystemhealth"

One innovativeapproaci_to monitoringecosystemhealth involves

integrativemeasures,i.e., single indicatorsof overall health. We

establishedin the precedingsectionthat holisticmeasures probably cannot be

used as the soleindicators. Nevertheless,integrativeindicatorscan play an

importantrole, and I would like to take a few moments to consider the

possibilities.

Integrativemeasuresfocus on critical system functions. These

functionsare maintainedby complex interactions,so that impactson any

process and/or populationis likely to be detected. This is the logic

involvedin monitoring a child's health by taking its temperature.

- At a fundamentallevel, humans are homiotherms. Body temperatureis

complexlyregulatedby a large number of vital processes, lherofore,a simple

measure of body temperatureis often an accurateindicatorof whether

somethingis wrong with any of the vital functions.
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A similar approachto ecosystemhealth considersthe basic nature of

ecosystems. At a fundamentallevel, ecosystemsare biogeochemicalsystems

that dissipateenergy to maintain organic structuresin an inert geochemical

matrix (O'Neilland Waide 1981). lt seems logical,therefore,that meaningful

integrativemeasurescould be associatedwith energy processingand nutrient

recycling. Both processesinvolvecomplex interactionsamong many components

and confer a degree of homeostaticcontrol (Reichleet al. 1975, O'Neill and

Reichle_0).

O'Neill and Giddings (1979) argue that integrativemeasures are

importantbecause they can be immediatelyinterpretedin terms of ecosystem

health. Similar interpretationsare possible for a few "keystone" species.

If there is a measured effect on the keystone population,there are immediate

consequencesfor other componentsof the system. But, in general,it is

difficultto go from an effect on one speciesto an impacton the total

ecosystem. The health of an organism is not affectedby the deniiseof

individualblood cells. Populationsremain healthywhile individualscome and

go. Similarly,ecosystemintegritymay be little affectedwhen species are

lost and replaced. On the other hand, effects on criticalecosystem processes

have an immediateimpacton the abilityof the system to maintain itself.

This interpretationcan be made without having todetermine beforehandwhich

of the myriad populationsis most sensitiveto a new disturbance(O'Neillet

al. 1977, Van Voris et al. 1980). O'Neill (in press) has recently reviewed

the potentialcandidatesfor integrativemeasures. Although the review does

not consider the practicalityof the methods for large-scalemonitoring, it

documentsthe type of indicatorsthat can be measured at the ecosystem scale.

13
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There are four candidatemeasures based on energy processing. The ratio

of primary productionto respiration(P/R) can be measured in aquatic

ecosystemsto determine if the energy balatlceis sufficientto maintain biotic

integrity. The measure has been shown to be sensitiveto temperature(Beyers

1962), light (Copeland1965), grazing (Beyers 1963, McConnell 1962), and

toxicants (Giddingand Eddlemon 1978, Whitworthand Lane 1969). A s'econd

potentialmeasure is Powerwdefined as energy flow per unit biomass (Odum and

Pinkerton 1955). O'Neill (1976) and DeAngelis (1980) show that power is

relatedto the abilityto recoverfrom disturbance. The third measure

considers the periodicities in a time series of ecosystem metabolism. Using

spectral analysis, continuous measurements of metabolism are analyzed for

periodicities. Van Voris et al. (1980) proposed that the number of

periodicities was related to ecosystem stability and Dwyer and Perez (1983)

confirmed the relationship experimentally. Finally, we can include the direct

measurement of gas exchange considered by Gosz and colleagues elsewhere in

this volume.

Four integrative measures can be derived from nutrient processing. The

decomposition of complex organics involves complex population interactions and

is sensitive to toxicants (Coughtrey et ai. 1979, Jackson and Watson 1977,

Ruhling and Ty_.er 1973, Tyler 1976). Second, Schindler et al. (1980) proposed

a combination of pH and dissolved oxygen as a measure of the organizational

state of an aquatic ecosystem. Waide et al (1980) showed that the measure is

sensitive to perturbation. Third, recycling in streams is measured by the

spiralling length (distance traveled by a nutrient as it recycles through the

system, Newbold et al. 1981). Changes in spiralling length indicate

disturbance to nutrient processing and are measurable in the f_eld (Newbold et

14



al. 1983). Finally,any unusualchange in the nutrientsleaking out of a

terrestrialecosystemclearly indicatethat somethingis wro'ngwith the

recyclingprocess (Likenset al. 1977, O'Neillet al. 1977, Van Voris et al.

1980, Swank 1987).

This brief review suggests the importantproperties requiredof a useful

integrativemeasure. First the measure should involvea basic function such

as energy processingor nutrient recycling. Therefore, a change in the

measure immediatelyindicatesan alteration in the ability of the ecosystemto

maintain itself. Second,the measured processshould be the resultantof many

. interactingcomponentsso that an effect on any of the componentswill be

reflectedin the measurement.

There will probablyalways be some debate among ecologists as to the

merits of holistic indicators. In particular,ecologists seldom agree on the

relativemerits of monitoringsensitivespeciesversus holisticmeasures of

ecosystemfunction. The holist argues that a measure of overallecosystem

functiondetects changesanywhere in thesystem. The population ecologist
z

, argues that locatingthe most sensitivespecies is always a better strategy.

Impactscan be seen earlier in the sensitivespecies and monitoringcan be

better focused and probablyless expensive.

Both sides of the argument have merit, lt is clear, for example, that

some holistic measures,such as primaryproduction,may be relatively

insensitiveto disturbance. O'Neill and Giddings (1979) showed that

considerableshifts in phytoplanktoncommunitiescan occur without a

detectablechange in total production. Others have argued that gross system

functionchanges slowlywhile species responsesmay be immediateand

unequivocal. Furthermore,becausewe know a great deal more about individual
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speciesrequirements,populationeffectsmay be more meaningful in suggesting

causation.

The counterargumentpoints out that holisticmeasures based on nutrient
, ,

cyclinghave been shown to be very sensitive(O'Neillet al. 1977, Van Voris

et al. 1980). In addition,effectson criticalecosystemprocesses have

immediateimplicationsin terms of the abilityof the ecosystemto maintain

itself. And although some specificsensitivespeciesmay show the earliest

impact,there is no way to guess which specieswill be sensitiveto the next

•impact. Furthermore,loss of a single speciesmay be interpretedas an

ecologicalchange but may not indicatea degradationof ecosystem "health."

Replacementby a competingspeciesmay be a normal compensatorymechanism at

the ecosystemlevel.

Holisticmeasures, therefore,have much to recommendthem. Such

measuresmay be the first indicatorsof a problem. In monitoring the health

of a child, one first takes an holisticmeasure, such as body temperature,and

only then seeks specific symptoms. But by the very fact that they are

responsiveto a great varietyof insults,they will be poor indicatorsof any

specificcause. The better an holistic indicatoris for early warning, the

less useful it will be for specifyingcauses.

_ Remote sensingrevisited° Monitarin_b_ytelemetr.y

= One of the most innovativesuggestionsfor ecologicalmonitoring

involvestelemetricmeasurementof ecosystemfunctions(Committeeon Planetary

Biology1986). By this approach,a satellite is used to read a signal from an

instrument. In essence, any low maintenanceinstrumentcan be placed in the

_
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field and suppliedwith a radio and an antenna. Thereafter,the instrument

can be activatedand queriedperiodically.

Ordina_ily,a grid of the instrumentswould be placed in the field and

would remain for the period of measurement,perhaps for severalmonths during

each remeasurementperiod. I.tis certainlynot beyond possibilityto place

the instrumentsin more permanentinstallationsand take remeasurementdata

more frequently.

The possibilitiesof this approachare truly mind-bogglingand only

limited by the ingenuityof engineersin developing reliable,compact

instruments. Clearly,the approachcould be used for soil moisture,tree

diameter change,stream stage height,water stress in trees, etc.

The availabilityof compactchromatographsmakes this approach

particularlyexciting. One could remotely_nonitorC02 and other gases in

plant canopies. One could monitornutrientconcentrationsin soil water or

aquaticecosystems. By buryingthe sensor,it should be possible Lo follow

stages of decompositionby analyzingbyproducts in soil gases (D. C. White,

personal communication).

While the approach holds great promise, there are two important

drawbacks. First, the approachrequireshigh initialcapital cost in

instruments. EventuallYthe initialexpensewould result in substantial

savings in labor costs. Once placed,the instrumentscan remain in place for

extendedperiodsof time at no additionalcost. Nevertheless,the high

initialcost may make the approachdifficultto sell. The second drawback

. involvesthe design of no-maintenanceinstruments. Labor costs for repair and

calibratingthe instrumentsat remote locationsmight make the approach

infeasible.

- 17



In balance, however,such an approachmight turn out to be a good

investment. One great advantageis that the controlover the density of the

data. Irlnormal monitoring,the instrumentsmight be queriedover some
d

standardmeasurementinterval. However, if initialreadings indicateda

significantchange,the density of informationcould be easily increased.
I

Therefore,the approach holds promise of collectingsufficientlydetailed

temporal data to indicatethe exact nature of the problem and its causes.

(he creative interpretatic,n of monitoringdata

A third class of innovationsfocuseson interpretingn,onitoringdata.

As I pointedout earlier',simply measuringa change is quite differentfrom

assessingthe implicationsof that change. I would like to propose that the
I J

creative analysisof EMAP data requires significantinnovation. To illustrate

the point I would like to explore how one might use landscapedata to assess

' ecosystem health.

Landscapeanalysis,of course,representsan innovativeapproachto

_ monitoring in its own right. Landscapeindicatorstake a new approach by

relatingspatialpatterns in landcoverdata, usuallyremotely sensed,to

ecologicalprocessesoperatingon the landscape(O'Neillet al. 1988a,

Hunsaker et al. 1990, Graham et al. in press). Considerationof these

indicators is presentedelsewhere in this volume. The challengehere is to

explore how one might interpretlandscapedata to assess human impactor

increasedrisk of environmentaldegradation(Hunsakeret al. 1990).

To begin with, significantassessmentscan be based on very simple

measures of landusechanges. The simplestmeasure is the number of pixels,

i.e., smallest units of spatial resolution,that change landuse between
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remeasurements. Loss of specificlandscapefeatures,such as windbreaksor

riparianzones, can be 'immediatelyinterpreted. Specific patternswould also

be important,such as contiguous,uninterruptedagricultureadjacent to

streamsor lakes.

Reduction in percentoccupancyby specificcategories,e.g., forest or

wetland, indicateshabitatloss. This can be translated into increasedrisk

to wildlife and, more importantly,increased risk to endangered species.

In many regions,endangeredspeciesare associatedwith ver_ specific

habitats. In easternUnited States, for example,the Gray Bat (Myotis

" grisescons) requires a unique combination of streams near large roads, such as

interstate highways. Table I reviews endangered species and their habitat

requirements in the Southeast. In Florida, many species are associated with

the sandy scrub and hardwood hammockhabitats. Other species in the Southeast

are restricted to granite outcrops. The importance of the species-habitat

associations is that it is possible to go directly from an observation of

landuse changes to an interpretation of increased risk to organisms protected

by Iaw.

Another simple measure of change would be increased miles of roads.

Roads are a major contributor to wildlife mortality and often have an

immediate impact on hydrologic pathways and water quality, lt is well

established in economic theory that the miles of new roads (and their quality)

z is predictiveof futuredevelopmentand economicactivity (Katzman 1974, Jones
_
-

1983). For example, in forestedregions, loggingroads provide access to new

areas and can be associatedwith an increasedrisk of forest loss. In

agriculturalregions,the distance of a plot to the nearest paved road and the

nearestmarket is a good indicatorof intensityof agriculturalactivity (Dunn
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1954). Thus, changes in the quantity and qualityof roads can be interpreted

in terms of increasedeconomic activity (a societalgood) and environmental

impact (an ecologicalevil), The assessmentis mixed, but the interpretation

is clear.

Another simple measurewould be the spatialextent and pattern of

disturbances,such as, fire, pest, hurricane,tornado (Grahamet al. in

press). Similarly,the remeasurementdata could be used to evaluate the rate

of recoveryfrom past disturbances. This ,,simplemonitoringof disturbanceand

recoverywould be another directmethod for assessingecosystem health.

' Simple calculationsbased on landcovercan enhance interpretation. The _.

index,U (the ratio of pixels in natural landcoverto pixels in agriculture

and urban,O'Neill et al. 1988a), is a simple measure of overall human impact,

An observedchange might be weighted by the tendencyof the change to break up

a single large patch into isolatedsmallerpatches. Similarly, a pixel change

could be weighted by the probabilityof the change forming a barrier to animal

movement (Gardneret al. in press) or breakingup corridorsalong which

wildlife move (Forman and Godron 1986). Such changes can be directly

interpreted in terms of increased risk of losing wildlife and/or endangered

species. One might also consider weighting pixel changes by the abundance of

a specific landuse. In a region with very little wetland (or riparian or

critical habitat), loss of such a pixel is much more 'important that in a

region where the habitat is abundant.

One could also weight changes by spatial pattern. If I00 pixels changed

from natural vegetation to human use over a time interval, to what degree are

the changed pixels contiguous? lt would be important to distinguish between

100 pixels scatteredover the scene (little impact)and I00 pixels in a group
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(potentialerosionor barrier to animalmovement)and 100 pixels in a line (a

road forminga new barrier).

Going beyond simple combinationsof pixel cha_sges,there are a number of

measures,recentlydeveloped in LandscapeEcology,_that relate changes in

landscapepatternto changes in ecologicalprocesses. For example,empirical

studies indicatethat the fractaldimensionof landscapepatches (Milne 1988)

indicatesthe extent of human manipulationof landscapestructure (Krummelet

, al, 1987) _ Humans go Tor simple shapes,nature likes complexconfigurations,

Reductionin habitatedges, e.g., pixels of forest adjacentto other

landuses,can be relatedto wildlife suitability(Ranneyet al. 1981, Gardner

et al. 1989). Edges can also be relatedto biodiversitysince edges normally

have higher speciesdiversity (Quinnand Hastings 1987, Quinn and Harrison

1988, Robinson and quinn 1988).

In certaincases we can relate edges to size of patch. Cowbirds at the

forest edge are nest predatorson warblers. Patches have to be large enough

so there are adequatewarbler nest sites, far enough from edges that cowbirds

cannot find them. If patchesget too small,the warblp.rpopulationsstart to

decline. Large patch size is also a habitatrequirementfor large carnivores,

such as the red wolf.

Percolationtheory (Gardneret al. 1987) providesa frameworkfor

relating specificaspectsof landscapepattern to the probabilitythat a

randomlyplacedorganism can move across the landscape and utilizethe

availableresources Using the theory,changes in landscapepatterncan be

directly relatedto the percentageof a landscapethat becomes isolatedand

unavailableas resourcefor wildlife (Gardneret al. 1989). Diffusion rates,

developedfrom percolationtheory, indicatehow difficult it 'isto move across
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the landscape. The diffusionrate can then be interpretedin terms of either

wildlife utilizationor fire spread (Turneret al. in press).

Additionalmeasures from landscapeecologyare also applicable.

ResourceUtilizationScale (RUS) is a specificmeasure of the scale e.twhich

an organism must disperse to utilizeall of the resourceson the landscape

(O'Neillet al. 1988b). As the landscapebecomesfragmented,RUS increases

and there is increasedrisk that organismswith poor dispersal abilitywill

become extinct on the landscape. Contagion,the probabilitythat a landuse is

more "clumped"than the random expectation,has shown itselfto be a valuable

measure that influencesmany (probablyall) of the other landscapelevel

interpretations(e.g.,O'Neill et al. submitted).

Much of what we understandabout the influenceof landscapepattern on

ecologicalprocessesis based on the patch configurationof natural

vegetation. The frequencydistributionof patch sizes can be related to

wildlife. Some speciesneed a minimal patch size (Pickettand Thompson 1978).

Fragmentationof a landscapefrom a few large patches to many isolatedpatches

can be related to increasedrisk of losingmany species of plants/animals

(Pickettand White 1985). A similarmeasure would be the frequency

distributionof distancesbetweennatural patches,e.g., nearest neighbor

distances. These distancescan be relatedto the difficultyof wildlife

moving across the landscapeand utilizingresources, lt is also possible to

interpretchanges in the extent and patternof clearing. For example,

" relative to erosionrisk, one might weight clearingsby slope and proximityto

other clearings.

A number of other interpretationssuggestthemselveswhen we add

ancillarydata, such as the agriculturalcensus, populationnumbers, or forest
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surveys. As a single example, loss of a pixel of forest (with recreational

value) may be far more important in regions with large urban populations.

Another approach to assessment would compare current land cover tn its

potential. For example, it might be useful to express actual forest cover as

a percent of potential forest cover. Similarly, one might compare current

agricultural cover with a suitability index based on soils. These measures

assess the degree to which the ecological resources are being used in

appropriate ways.

The Forest Service has developed a number of models that relate habitat

to suitability for wildlife, Using these models, changes in habitat extent

could be directly related to risk of change in a wide array of animal species,

Landcover data can often be used to assess the risk of water' quality

degradation and hydrologic change (Omernik 1977, Osborne and Wiley 1988).

Increase in agriculture/urban or decreases innatural vegetation indicates

risk of future water quality problems. A more powerful indicator woJJld weight

the land(:over change by distance from water, soil type, tendency to form

continuous agricultural cover, and associated slope (calculated from Digital

Elevation Models).

Another approach might focus on the risks of erosion, flooding, and

other undesirable hydrologic events. A simple erosion assessment would

include slope and vegetation while a more complicated indicator would also

include soil character'istics (e.g,, Universal Soil Loss Equation). A flood

control indicator could include information such as vegetation cover (wetlands

to modify peak flows) and surficial geology (Bedford and Preston 1988).

A third approach would focus on riparian ones and wetlands as buffers

for maintaining the water quality of streams, Changes in width of buffers,
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weighted by_slopeand landcover,would be an importantindicator. The actual

ind_x might be average width, or miles of riparianzone that are narrower than

desirable, lt would be possibleto use the CanadianTimber ManagementGuide

(OntarioMinistryof Nat('ralResources1988) to set buffer zones around each

water body and count pixels that encroachedinto this buffer, lt might also

be useful to find a way to include some indicatorof contiguousvs. broken

stream corridors.

A fourth method would use landusedata to estimate pollutantloadings to

water bodies and assist in evaluatingthe risk of eutrophicationand toxic

effects. One approach would be the unit area load method which pairs known

loading from a watershedw lth monitoringdata to an unmonitoredwatershed that

has similarcharacteristics.

CONCLUSIONS

To the general public, environmentalmonitoringseems a simple task.

After all, when the water smokes,turns purple, and the fish are all belly-up,

one should be able to measure a change. Unfortunately,the real world is more

complex and the changeswe must detect are far more subtle As a result,

large-scalemonitoring programsface significantchallengesand will require

large infusionsof creativity.

The challengesare co,nplexand we have only scratchedthe surface in the

presentpaper. The most importantinnovationswill be, of course, the ones we

have not thoughtof yet and we cannot limit our imaginationto the discussions

above. Nevertheless,we can initiallyoffer some take-homelessons:

24



I. Monitoringfor resource extent and location is a reasonablegoal.

Assessingchanges in this ecologicalmap will require innovative

approaches,but recent'developmentsin landscapeecology foster

optimism. However, considerablepatiencewill be required to develop

the essentialbaselinedataset.

2. Monitoringprograms,and even ecologists,often mistake measurementsfor

science. If the programcontainsno controls,the measurementscannot

reach causality. Monitoringcan only hope to show correlations.

Withoutcontrolledexperiments,you cannot demonstratethat toxicants

caused cancer at Love Canal, you cannot prove that regulationsare

improvingecosystemhealth,you cannot even prove that aspirincures

headachesl Monitoringsuggests,but does not demonstrate.

3. Ecosystemsare Complex, and complex in an insidiousway that disarms all

known approachesto unravelingcomplexity. Don't assume a monitoring

programcan predictor anticipatechange. Assume rather that the

ecosystemwill continueto surpriseyou.

4. Include integrativemeasures of ecosystemfunctionamong your

indicators. If you limit your programto populationmeasures,you may

- pick the wrong populations. Includeat least some holistic indicators

as safeguardsand to broadenthe scope of value systemsthat are

considered. Be particularlyopen to those measures that permit remote

telemetry.
_
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5. The substantivechallengesinvolved in large-scalemonitoring should not

be used as excusesfor not beginningthe effort. Ecologistsand other

environmentalscientistsshould roll up their sleeves and jump in feet

first. Simply stated,we will never be able to effectivelymanage our

naturalresources or design future researchwithout large-scale,

long-term monitoring.
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Table I. Endangeredand threatenedspeciesassociatedwith specific
habitats in SoutheasternUnited States (taken from Fish and
Wildlife 198g).

Sandy Pine/Oak Scrub in Central Florida:

Florida Scrub Jay (Aphelocomacoerulescenscoerulescens)
Eastern indigo snake (Drymarchoncorals couperi)
Blue-tailedMole Skink (Eumecesegregiuslividus)
Sand Skink (Neosepsreynoldsi)
Wide-leafWarea(Warea amplexifolia)
Four-petalledPawpaw (Asiminatetramera)
Florida Bonamia (Bonamiagrandiflora)
Pygmy FringeTree (Chionanthuspygmaeus)
Florida GoldenAster (Chrysopsisfloridana)
Scrub Lupine (Lupinusaridorum)
Scrub Plum (Prunusgeniculata)
Scrub Mint (Dicenandrafruteaceus)
Snakeroot (Erygiumcuneifolum)
LakelasMint (Dicerandraimmaculata)
Highland Scrub Hypernicum (Hypernicumcumulicola)
Papery whitlow-wort(Paronychiacharctacea)
Wireweed (Polygonellabasiramia)
Carter's Mustard (Wareacarteri)

GraniteOutcrops:

Granite Snapdragon(Amphianthuspusillus)
Quillwort (Isoetesmelanospora)
Quillwort (Isoetestegetiformans)

Wetlands:

Cape Sable Seaside Sparrow (Ammospizamaitimamirabilis)
Pondberry(Linderamelissifolia)

Beaches/Dune:

Piping Plover (Charadriusmelodus)
ChoctawhatcheeBeach Mouse (Heromyscuspolionotusallophrys)
Alabama Beach Mouse (Peromyscuspolionotusammobates)
Perdido Key Beach Mouse (Peromyscuspolionotustrissyllepsis)
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Table I. (continued,)

Hardwood Hammocksin Florida Keys:

Key Largo Woodrat (Neotoma floridana smalli)
Key Deer (Odocoileus virginianus clavium)
Key Largo Cotton Mouse (Peromyscus gossypinus allapatricola)

Ecotone: Pine/grassy

Gopher Tortoise (Gopherus polyphemus)
Rough-leaved Loosestrife (Lysimachia asperulaefolia)

Ecotone: Conifer/Hardwood:

Carolina Northern Flying Squirrel (Glaucomys sa,brinus coloratus)

Ecotone: Scrub/agriculture:

Florida Grasshopper Sparrow (Ammodramussavannarum floridanus)
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