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In 1922 the Russian geologiS[ Vladimir Vcrnadsky coined the term "biogeo
chemistry" in recogni tion of the intimate connections that exist between living 
organisms and the physjcal components of (he Earth. This insight came after many 

failed attempts LO understand the chemical makeup of the Earth's atmosphere and 

crust th rough strictly geochem ical processes, ignoring the influence of element 

inte ractions mediated by livi ng organisms. In bis landmark book Biosftra (The 
Biosphere), which was completed in 1926 at C harles University in Prague, Ver

nadsky wrote: 

A characteristic role is also played b)' the respiration ;lnd feeding of orga.nisms, 

through which (he organisms ac tivdy seleCt the materials necessary for life . . . . 

Living matter builds bodies of organi sms out of am10spheric gases such as oxy

gen, carbon d ioxide and water, together with compow1ds of ni rrogen and su l

fur, converting these gases into liquid and solid co mblLSribles [hal collecl lhe 

cosm ic energy of the sun . Afrer death , it restores these d emcnts to the atmo

sphere by mean s of life's proce.~ses.... Such a close corn:~pondence between 

terreHrial gasses and life srrongly sugg.::srs tbat th.: brcath.ing of organ isms has 

primary importa ncc in the gaseous system of the biosphere; in other words, it 

m ust be a planetary phcnom(;no n (Vt:rnad~ky 1926) . 

Since the publication of Biosjera, the discipline Vemadsky named has seen 
impressive growth in its collective knowledge of element cycling, achieved largely 
through numerous studies of the fl uxes, budgets, and chemical transformations of 
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individual elements. Allhough thi line of inve tigation has been n rmously 

fruitful, a growing number of imponam questiolls in ecosystem cience involve 

poorly understood interaction among two or more e1ement.~ . 

The imponance of mu ltiple clement in teractions terns from the fact that 

pairs and even groups of elements ofren partic ipate in a series of om mon bio

logical and geochemicaJ reactions. BeclUse carbon reprc..~eIlls a ommon currency 

among all life forms, man multiple-elemenr inreractions are mediated through 

the relative ratios of carbon LO other nutrients (e.g., Sterner and Elser 2002). For 

instance, if the availability of a given element lim its the rate ofcarbon fixadon by 

primary producers, other elements thal are cy led through biomass pr duction 
and rurnover can be indirecrly affecred. As an exampl , research in the Hawaiian 

Islands has revealed element interactions during ecosystem development that 

involve a change rom nitrogen limitation to phosphorlL~ limilation over geolog

iI.':al time ~caJes (Vit usek et a1. 2002). Although supplic of relative co plant 

demand increase steadily over this progress ion, the absolute rare ofN cycling slows 

as ecosystems become increasingly P-limited. Thi stems from the mainrenance of 

relal ively co ,servativc N:P ralio in vegetation ( rews et al. 1995) and the 

dependence ofN cycling on organic maner producrion and rurnover. 

Despite these insights growth in scientists' understanding of multiple-ele

ment interacti ns has been restricted by several facrors , including the diversity of 

forms in which J. ingle clement can occur (carbo n, in parriculat) and the faCt [hat 

e1emcm ratios in organisms are nOt always conservative. At present, the degree to 

which element interactions aero s range of ecologic~ systems are controUed by 

rhese sources of complexity vers us general patterns of organism scoichiome ry is 

simply not known . 
ur lack of understanding is highlighted best by the fact that few ccosyst m 

model , expl icirly include element intcr.1CrlOnS, a shortcoming that limits [heir 

applicabi lity for many s ienti fic and pol icy i sues. For example, (he notion .of 

nirrogen saturarion in temperate fore.l ec systems invol es a conwrion where 

excess loading ia atmo~pheric deposition leads co a shift from nutrient lim ita

tion by N to limitation by some other e1emenr (Aber er al. 1989). A noteworthy 

ingredient of this sh ift is its de oupling from the normal mecllanisms of ecosys

tem development demonstrated in Hawaii . An important Feature of I sacurarion 

is the increasing production .lnd leaching of nitrate From so il , a proces that can 

also cause depletion of po itively (,hargcd ion such as calcium. Despire growing 

evidence that this proces has begun to affecl forests in heavily impacted regions 

(e.g., Peterjohn, dams, and Gilliam 1996: Aber et al . 2003) , few model~ have 

altempted to explicitly capture multiple-element chemical pro esses in soils (e.g .. 

bondo-lugbaw et al. 2 0 l ) and none include me plant-soil feedbacks n ce 

.at)' [ simulate the ~hifr in element limitations. 

4. New Frontiers in th e Srudy of Element Imcrae! ions I 6'; 

As the biogeochemiHry research community i confronted with limitations of 

single el menr m d Is, the need for new analytical and conceptual too ls will 

be orne increasingl apparent. 1n all fields ofSCIence, major breakthroughs often 

tallow technologicaJ o r oncepwal advancements, 0 a cbaJlenge that exists JUSt 

befo re mose breakth roughs involves recognizing the pending advancemems that 

wi ll be ofgreatest benefiL T he purpose of this chapter is to discu s important lim

itations in several areas r I menr imeraction research and [Q highlight several 

forthcomi ng con ep tual andlor methodological approaches rhac Illay help over

come these hurdle . Given th large num ber of issues that involve multiple ele

ment intera tions and the diverse array of new approaches becoming avai lable. it 

would be impossible ro conduct :Ill exhauslive review that has relevance or al l eco
logi aJ syst ms. Instead, our approach is [Q fiscuss everal persistent challenges and 

highlight a few recenr developments mat have promising potential [or add ress ing 

them. It is our hope that this discussion wi ll inspire new ways of addre IIlg Issues 
beyo nd the specific examples we offer here. 

Current Limitations in Element Interactions Research 

Major obstacles for advancillg our understanding of elemem interactions are 

often manifested as in onsistencies between ho we formal ize our knowledge inro 

models and [he data available to descri be the systems being modeled. This dis

crepancy an be due either c a lack or relevant data, a' a resu lt of technical di 1

culti s in making certain measurements, or [Q a deeper mismatcl1 bel ween param

et rs and processes included in models and measurable features of the reaJ lId. 

In this secri /1 , we discuss examples of several common limitations that int1uellce 

the applicability of curren tly available biogeochemistry models, Olh onceprual 
and m ethodologi al. 

Discrepancies between j\1odel Formulations and ObservaMe 
1:cosJlster.n jJroperties 

CARDO N DVN AM I 'S J TERREST RIAL S l LS 

A com mon d iffi ulty in matchi ng model constructs with observations of nature 
involves the issue of how to aplure comple, or highly va ri able properries in a 

fu nctionally effic ient manner. A good example of th is challenge in olves models 

of carbon tu rnover in terresttial so ils, where rganic carbon is lumped into a 

smallllumber of discre le tares char are meant ro represem a hroad concinuum of 

tu rnover limes. Although ie is widely acknowledged chat what we simpli ricaJly 
refer to as soil arbon ontains a complex mixture of chemi(a l compounds with 

http:notion.of
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ind ivid ual e l emenr~. Al tbough this line of investigation has been enormously 

fru itful, a growing number of important questions in ecosystem science involve 
poorly understood interaclions among two or more e1emenrs. 

The importance of multiple elemenr interactions stems from the fact rhat 

pairs and even groups of dements ofren participate in a serics of com mon bio
logical and geochemica.l reactions. Because ca.rbon represenrs a common currenc 

among all life forms, many m w tiple-element inreraction~ arc med iated thro ugh 
Lhe relative ratios o f catbon to other nutrients (e.g., Sterner and Elser 2002) . For 

instance, if the availabiliry of a given element limits the rate o f carbon fixation by 

primary producers, other elements that are cycled through biomass product ion 

and mrl10ver can be ind irecr.ly alTected. As an example, research in the H awaiian 

h lands has revealed element interactions du ring ecosystem devdopment that 

involve a Lhange from nitrogen limitation [Q phosphoru~ limitation over geolog

ical time scales (Vitousek et al . 2002). Al though supplies o f N relative to plant 

demand increase sleadily over this progression, the absolU[e ra le ofN cycl ing slows 
a~ ecosys[Cms become increasingly P-limited. This :;tems from th e maintenance of 

rela tively conservative N:P rarios in vegetation (Crews et a!. 1(95) and the 

dependence ofN cycling on organic maner p roducrion and lurnover. 

Despite these insights, growth in scientists' undemanding of m ultiple-ele

menr interactions has been restricted by several factors, including the diversity of 

forms in which a single element can occur (carbon, in particular) and rhe fact that 

elemen t ratios in organisms are not always conservative. At present, the degree to 

which element interactions across a range of ecologica l systems are controlled by 

(hese sources of complexity vetsus general patterns of organism stoichiometry is 
simply not known. 

O ur lack of undersra nding is high lighted besl by the face lhat few ecosystem 

models explicitly include element inreractions, a shortcom ing lhat limits their 
applicabiliry for many scienrific and policy issues. For example, [he notion of 

nilrogen saturation in temperate forest ecosystems involves a condition where 
excess N loading via almo~rheric deposition leads to a shift [rom nutrient li mita
tion by N [ 0 limitation by some other elemem (Aber et al. J989). A noteworthy 
ingredienr of [his sh ift is irs dccoupjing /Tom the normal mechanisms of ecosys

tcm developmenr d~momtrared in Hawaii. An imponant fearure ofN satu ration 
i~ the increas ing production and leaching of nitrate from soils, a process that can 

also caUSe depletion of positively charged ions such a:. calci um. Despite growing 

evidence thal tl1 is proces~ has begun to affect forests in heavily impacred regions 
(e.g.. Peterjohn. AUams, and Gilliam J996; Aber el 0.1. 2003) , few model~ have 

attempted ro expl icir.ly capture mw tiple-element chem ical processes in soils (e.g .. 
bondo-Tugbawa et al. 200 1) and none include the plant-son feedbacks neces

sary to simula te the shift in element limitations. 
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As the biogeochemisuy research communiry is confronted with limitarinm of 

si ngle element models. the need fo r ncw analytical and concepmal tools wiJl 

become increas ingly apparent. In all fi eld~ of sciencc, major breakthroughs often 

follow tech nological or conceptual advancements, so a challenge that exists just 

before those breakthro ughs involves recognizing the pending advancements that 

will be of greatest benefit. T he purpose of th i:. chap ler is to discuss important lim
itations in several areas of element interaction research and ro highlight several 

forth coming conceptual andlor methodological approaches that may help over

come these hurdles. Given rhe large num ber of issues that involve mulciple ele

ment interactions and the diverse array of new approaches becom ing available. ir 

would be impossible ro conduct an exhaustive review rhat ha..~ relevance for all eco

logical systems. lnstead. our approach is to discuss several persistenr challenges and 

highligh t a few recent developments that have prom ising potential for address ing 

them. It is our hope that this discussion will inspire new ways of addressing issues 

beyond tht: specill c examples we offer here. 

Current Limitations in Element Interactions Research 

Major obstacles for advancing our understanding of element interactions are 
often manifested as inconsistencies between how we formalize our knowledge into 

models and the daca available ro descri be the systems being modeled. This dis

[epancy can be d ue eilher to a lack of relevant dala, as a result of technical diffi
cul ties in making certain measurements. or to a deeper mismarcl1 bet\veen param

eters and processes included in models and mea~u rable features of the real wo rl d. 

In this section, we d iscuss examples of several common limitations that inHuence 

the applicab il ity of currendy avai lable biogeochemistry models, both concepw31 

and methodological. 

Discrepancies between Mode! Formulations and Observable 
Ecoj)lstem Properties 

ARBON DYNAMICS I N TERRESTRIAL SOt LS 

A common difficulty in march ing model constructs with observations of nalure 

involves the issue of how ro caprure complex or highly variable p roperties in a 

functio nally efficien t manner. A good example of this Lhallenge involves models 

of carbon turnover in terresuial soi ls, where organic carbon i~ lumped inco a 

small number of discrele states that are meant co represent a broad continuum of 

turnover times. Although it is widely acknowledged that what we simpliStically 

refer to as soil carbon c011[ains a complex mixture of chemical compounds with 

http:explicir.ly
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Box 4.1. Carbon quality and [urn v r time of soil rganic marrer 

arbon in soil organic matter is distributed over many different com pounds. 
These compound. have a huge range f deoradabiliry lraits (qualities) and, 
consequen tl , turnover times. In modds these different turnover times are rep
resented in di fferen t ways. One alrerllativ ' is ro consider the full di tr ibutio n 

of turnover times. This approach leads to models rhat are rather ma themati
cally complex. A simpler approach is to split [he d istri bution of carbon into a 
small number of discrele clas es, as represented in [he figure by the vertical 
li nes. T he problem is that th is partition ing is rather arbitrary and does not cor
respond to observed fractions. Partitio ning the carbon accordi ng ro some 
empirical procedure, , uch as light and heavy fractio ns, is likely to cut the car
b n density distribution in still some other way thal is not directly coupled to 

turnover rimes. TI is approach i exempli fi ed wi lh the broken line, wh re the 
area under the li ne would be the light fraction and the area above the li ne the 
heavy fract ion. 

,
,
Q ,, 
,, 
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Increasing carbon quality 

Decreasing turnover time 
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d ifferent lev Is of access ibili ry for decomposers, the que tion of how to represem 
that compl xi ry ha been mr from bvious. 

T he: method of aggregating soil carbon compounds inro d istinct groups 
(s uch as fast, medi um, and slow turnover pools) is .mractive because it of~ rs a 
certain d gree of fu n tiona I uriliry. Because soil material does not actually ist 
in such discrete fo rms, how ver, it p resenrs the problem of how to paramererize 
model variables that lack real -world counrerpan:s and cannot be explicitly meas
ured. In add ition, there is the challenge of decidi ng how man c mparrments 

such a model shou ld include. Altho ugh fi ne r division may come closer to mim
icking r ali ty, su h an approach becomes un iddy as the number of' compart

ments grows. The use of a few highly aggregated compartments may be func
tionally desirable, blll th is approa h presents increaSing d iffic ulties of linking 
mea urements to correspond ing theories wi thi n the model (Agren and Bosart
1998). 

Mai ntaining the integrity of til a ries and mechan isms within a model i mO ' t 
ne essary where models are expected to pred ier phenomena that have not been 
explicitly prescribed or that fall beyond the range of known observations. T he 

most alienr examples of th is need invol e processes in which thre holds play an 

important rol . Nct n itrification in fores t soils, fo r example, ~eems to Occur only 
when the so il :N rarios fall below <lppro im tely 24- 25 (MacDonald et al. 
2002j Hinger et al . 2002). In a well-constructed mod I such a result should come 
from underlying imera tions between soil C and N dynam i "without being rre
scribed a priori. 

E LEME NT RATiOS AND IIRESHOLD E r FBe .~ 

The d ifficu lry of simulating ystems thal in lude importan t threshold r sponses 
may seem fro m the overriding prevalence of single el ment nutrient models and 

model chat erroneously as ume a linear response to d riv ing environmental vari
ables (i.e., be ause available dat· are not sufficient to defi ne a fu ll response s dace . 

An dd itional challenge arises in systems where biogeochemical cycles are infl u

enced by ecological proc es that span multi ple I vels of organization , particularly 
those that are usually no t in luded in ecosystem-level tlld ies (e.g., population o r 
community-level feedbacks). 

An experimental demon tra tion of th is type of effect was presented by Som 
mer (1 992) , who sh wed how an algae-Daphnia system switched between algae
dominated and grazer-dominated when the dilution rate ex eeded a narrowly 
defined value. At low r tes of ]> turnover, low algal pr duction and high algal C: P 
ratios severely inh ibited grazer growth rat ~ and maintained an algae-d minated 

community. As P availabili ty rose above a certain critical rhr hold however algal 
quality imp roved to the point where consumption rates ro e ma'rkedly a,;d t~hc 
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Carbon in soil organ ic matter is d istributed over many different compounds. 

T hese compounds have a huge range of degradabil iry traits (quali ties) and, 

consequently, mrnover times. In models these different turnover rimes arc rep

resented in d ifferent ways. One alternative is ro con~iJer the full d istriburion 

of turnover times. This approach leads ro models that are ra ther machemati

cally complex. A simpler approach is co spli t the dis(riburion of carbon into a 
small number of discrete dasses, as represenred in the figure by the vertical 

lines. The problem is that this panitiolung is rather arb irrary and does no t cor

respond ro observed fractions . Partitioning the carbon according to some 

empirical procedure, such as light and heavy fractions, is likely [0 cur the car

bon density distribution in still some orher way that is no t directly coupled to 

turnover rimes. This approach is exemplified with the broken li ne, wh ere the 

area under the line wo uld be the ligh t fraction and the area above me line the 

heavy fraction . 
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different levels of accessibiliry for decom posers, the question of how tQ represent 

that complexi ty has been rar from obvious. 

T h e method of aggregating soil carbon compounds into distinct groups 

(such as fast , medium, and slow turnover pools) is attractive because it offers a 

certain degree of functional u til ity. Because soil material does not acrually exist 

in such discrete forms, however, it presents the problem of how to paramete rize 

model variables that lack real-world cou ncerpans and cannot be explicitly meas

ured. In add ition, there is th e cha ll enge of dec id ing how many compartmenrs 

such a model should incl ude. Although fi ner divisions may come closer to m im

ielling real ity, such an approach becomes unwieldy as rhe number of compart

ments grows. The usc of a few high ly aggregated compartments may be func

tionally desi rable, but this approach presents increasing difficulties of li nking 

measurements co corresponding theories with in the model (Agren and Bosana 

1998). 

Maimain ing the integriry of theories and mechan i~ms with in a model is mOSl 

necessary where mudels are expeCted to predict phenomena that have not been 

explicitly prescribed or lhat fall beyond tbe ra nge of known observations. The 

most sal ient examples of this need invo lve processes in which lhre~holJs play an 

important role. Net nitrification in forest soils, for example, seems to occur only 

when the soi l C:N ralios fall below ap proximately 24-25 (Mal-Donald et al. 

2002; Ollinger et al. 2002). In a well-constructed model such a result should come 

from underlying interacrions between so il C and N dynamics witholll being p re

scribed a priori. 

Ei. I'.M ENT RATIOS ANO THRES HOI.D t.FPECTS 

The d ifficulty of simulating sys tems that include important threshold responses 

may stem from rhe overriding prevalence of single element nutrienr models and 

models that erroneously assume a li near response to driv ing environmen tal vari

ables (i .e. , because available data are not sufficient to define a fu ll response surface). 

An addit ional challenge a ri ses in systems where biogeochem ical cycles are in fl u

enced by ecological processes that span multi ple levels of organization, particularly 

those that are usually not included in ecosystem-level studies (e.g. , population or 

ommunity-level feedbacks). 

An experi mental demonstration of this rype of effect was presented by::>om

mer (1 992), who showed how an algae-Daphnia system switched between algae

dominated and grazer-dominated when rhe d ilurion rate exceeded a narrowly 

defined value. At low rates of P rurnover, low algal production and high algal C:P 
ratios severely inh ibited grazer growth rares and mainta ined an algae-dominated 

communi ty. As P avai labi liry rose above a certain critical threshold, however, algal 

quality improved to the point where consumption rates rose markedly and the 

..c 
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experimental ecosystems supported large numbers of grazers. rn this system the 
clue ho ld resp ns~ was driven by diff; rences in the _:P ratios of algae compared 

with the requi remen ts of grazers. For model. [Q simu late this d namic in real 
eco YSlems, th y must caprure interactions between the biogeochemical pmcesses 
regll iating P cycl ing, variability in algal P concentrations, and factors con troUing 

algae-grazer ompctirive relaLions. 

Lack ofData due to Difficulties Making Basic Measurements 

SAMP LI NG INDI lOvAL SPECIE;S W ITHIN MICROBIAL COMM N lTI 

In terre rrial plant communities, the ability to sample and analyze tissues from 
individual organisms has aUowed us to gain ins ights into [he fun ctioning and flex

ibil ity ofspecies within the commu nity. This type of knowledge has led to impor
tam theories about how dYIla mics ofspecies and ecological communities scale to 
the level of the entire ecosy tern. [n microbial communit ies. which c nsist of the 
mo t numerous and biogeochemically sign ificanr organisms on Earrh, we have lit

de insight into these relationships because we lack basic meth d fo r sampling and 

an,Jyzing indi idual organi m or specie. 
Microorganisms are atguabl rhe most important detritivores globally and are 

temporary sources and sinks of plant-essemial nutrients. M icrobial p pulations , 
biomass, and nutrienr content ar notoriously difficu lt to measure in soils. 
Although soi l microbial . and Pare commonl timated fo llowing fum iga
tion 0[" a oil ample with chi roform, chis process solubilizes moSt cell walls and 
releases ytoplasmic content . Because nO[ all microbial cell co nsti tuents are 
recovered, a onvers i n factor must be used to estimate rheir nutrient contents 

(Horwath an 1 Paul 1994). Despite rhe large amount of effort that has been put 
toward estimating these onver. ion factors and und rs tanding how they vary 

among soils, large uncertainrie remain. Moreover, these meth d· igno re d iff, r
ences within microbial communities that may be related to rates of nutrient 

cling. 
rn aquatic systems as well, size-based frac ionations might yield samples heav

ily dominated by individual microbial populations, but separation of popula
I ions, or even functional groups, is problematic. Nutrient studies in lake ecosys
tem~ are typ ically based on analysis ofparticulate matter, bur the material sampled 
can include both living and nonliving ompon ntS, and the living fraction might 
ontai n algae, bacteria, and protozoa in var ing abundances . What we lack i an 

easily applied method to determine the elements held within each individual 

component the ystem. 

4. lew Fronriers in the Study of Elcmenr I n{c racr i OI1~ 

DET RM INI G THI:. FLEXl8lL1TY o· M IC ROBIAL : TUICll lOM 'TRY 

In addition to measuremellls f nutrient stocks in microbial bioma.'iS, rares of Hows 
of nutrients through th~ microbial biomass pool are needed for improved under
standing of ecosystem function and multielement 1 interacrions. A ommon sim
plification in conceptual and num rical m dels i· that C, N, and P sto ich iom _ 

try is fixed in the microbial biomass of a given OSYSlem, bur chis is unlikely to 

be true. If microbial sro ich i merlY were fixed, then separate fun tions for each 
element would not be needed. We know, however. thar rhe processes involved in 

lemem li nkage can be fl exible, which makes the de.~ ripti 11 of these mu ltiele
memal interactions more complicated. In the case of microbial biomass, for 
example, each ·pecies may have some plast icity in its C:N ~lJ1d :P racios because 
Nand P. when available in excess, are taken up a.nd temporarily stored wirhi n the 
biomass. The e ratios may also change as pecies composition cha.nges over rela
tively short generation time periods in response to varying res urces. 

In addition to differences among sp cies within a microbial community, dif
ferences among organic compounds ith in the cells of a single pecies may also 
afFeC[ mul ti ple dement interactions . For example. and N tored in cell walls 
occur in different ratios and cycle a t d ifferent rates than do C and in extracel

lula r enzymes and cellular metabolites used fo r osmoric regularion. We currendy 
have very little understanding of ho much o f th N immobilized by soi l 

microorg nisms is used for cell growth (requi ri ng proportionally all the C and 
othel" elements needed for cell biom ass) and how much of th taken up by 

microorganisms is ub equen tl y exuded as xtracellu lar enzymes and cellular 
metabolites (requiring only the N:eiemem ratios of those particular compound ) . 

New approaches are needed to identifY the m icrobial players in a gi en ecologi
cal community and to quantify the importance of various organic ompo unds 
with regard to pools and fluxes o f elements. 

Limitations in Conceptual Understanding 

S I NGLE VEIt MULTIPLE RESO aCE LIM I1~ TI O 

A cording to Liebigs law f the mi nimum, a biological process, such as crop pro

ducri ity, is li mited by the single r source that is in shortest supply relari e to 
dema nd (von Liebig 1847). If rhat limitation is alleviated, as in ferrilizer amend
ment to an agricultural tleld , th n that pro ess increases unt il o rne oth r resource 

become li mi ting. Although Liebig's law is not explici tly included in mo~t bio

geochemical models. the concept of 'a limiting nuu ient" for a given ecosystem is 
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experimemal ecosystems supponed large num bers of grazers. In this system the 
threshold response was driven by differences ill the C P ratios of algae compared 

with the requ irements of grazers. For models ro simulate this dynamic In real 

ecosystems, they must cap ture interactions between [he biogeochem ical processes 
regulating P cycl ing, variability in algal P concentrat ions, and facrors conrrolling 
algae-grazer competit ive relations. 

Lack ofDatil due to Difficulties Making Basic Measurements 

SAM PLING INDIVIDUAL S PECI ES W ITHIN M ICROBIAL C O MMUNITIES 

In terrestria l plant com munit ies, the abil ity to sample and analyze tissues fro m 

ind ividual organisms has allowed us to gai n insights into the functioning and flex
ihility of species within the com munity. T his type of kilowiedge has led ro impor

tam theo ries abou t how dynamics of species and ecological communities scale to 
the level of the enti re ecosystem. Jn m icrobial communities, which consis t of the 
most numerous and biogeochemically significant organisms on Earth , we have lit
rle insight into these relationsh ips because we lack basic methods fo r sampli ng and 
analyzing ind ividual organisms or species. 

Microorganlsms are arguably d1e most imponalll detritivores global ly and are 
temporary sources a.nJ sinks of plan t-essent ialnutrienrs. M icrobial popu latio n ~, 

biomass, and nutrient content are nOLOriously difficult to measure in soils . 

Al though soi l m icrobial C, N, and P arc commonly estimated fo llowing fumiga
tion of a soi l sample with chloroform , th is process solubilizes most cell walls and 

releases cytOplasm ic contents. Because not all microbial cdl constituents are 
recovered, a con version factor must be used to estimate their nutrient contents 

(Horwath and Paul 1994). Despite the large amount of effort that has been put 
toward estimating these conversion factors and understandi ng how they vary 
among so ils, large uncerra inties remai n. Moreover, these methods ignore d iffe.r
ences within microbial communities that may be related to rates of nurrient 
cycl ing. 

In aquatic systems as wel l, size-based fractionations might yield samples heav
ily domi nated by individual microbial populations, bu t separation of popula
tions, or even functional gro ups, is problematic. N utrient studies in lake ecosys
telm are typically based on analysis ofparticulate marter, but the material sampled 
can include both living and non living componenrs, and the living fraclion might 
conta in algae, bacte ria, and protozoa in varying abundances . What we lack is an 
easily app lied method to determine the elements held within each ind ividual 
componenr of the system. 
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D ETERMINING TilE FLEXIB JLITY O F M ICROBJAL S TO ICHIOMETRY 

In addition to measurements of nu trient stocks in microbial biomass, rates of flows 

of nutrients through the microbial biomass pool are needed for improved under

sranJing of ecosystem fUDc tion and multielemental interactions. A common sim

pli fi cation in conceptual and numerical models is that C, N . and P stoic hiome
try is ~lxed in [he microbial biomass of a given ecosystem, but this is unlikely to 

be true . If microbial stoichiometry were fixed , then separate functions for each 
element would not be needed. We know, however, thar the processes involved ill 

elemenr linkages can be fl exible, which makes the description of these multiele

mental interactions more complicated. In (he case of microbial biomass. for 

example, each species may have some plasticity in its CN and CP ratios because 

Nand p, when available in excess, are t;lken up and temporari ly stored wi thin the 

biomass. T hese ratios may also change as species com position changes over rda

tively ~hort generation time periods in response ro varying resources. 

In addition to differences among species within a microb ial com munity, dif
ferences among organic compounds within the cells of a single species may also 

affect multiple element interactions. For example, C and N sto red in cell walls 
occur in different ratios and cycle at differem rates than do C and N in extracel 

lular em.ymes and cellular metabolites used for osmoric regularion. We currenrly 

have very little understanding of how much of the N immobil ized by soil 

microorganisms is used ror cell growth (requiring proportionally all the C and 

other elements needed for cell biomass) and how much of the N taken up by 

microorgan isms is subsequently exuded as extracellular em.ymes and cellu lar 
metabo li tes (requiring on ly the N:elemenr ratios of those particu lar compounds). 

ew approaches are needed to identify the microbial players in a given ecolo~i
cal commun ity and to quantifY the importance of various organ ic compounds 
with regard LO pools and fluxes of elements. 

Limitations in Conceptual Understanding 

SINGLE VE.RSUS MUlTIP1.E RESOURCE LIMITA"I LON 

According co Liebig's law of rhe minimum. a biological process, such as crop pro

ductivity, is limited by the single resource rhat is in shortest supply relative to 
demand (von Liebig 1847) . If that limitation is alleviated, as in fertilizer amend

mem to an agricul rural field, then that process increases until some other resource 

becomes limiting. Although Liebig's law is not explicitly included in most bio
geochemical models, the concept of "a limiting nutrient" for a given ecosy~tem is 
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per item in our thinking. 'or example, vegetation growing on highly weathered 
so il substrates is commonly considered P limited, while egecation on y unger 
su bstrates is commonly con ' iden:d li mited (Crews et al. 1995). These general

izations are based on an understanding ofsoil chemical properties a' they vary dlli
ing soil weathering and are supported by nurriem amen.dmenr ex~erimems and 
patterns or oliar concenuations and nutrien t us efflcleni..le (Vltousek 1984; 
Vic usek and Farrington 1997; Harringron, Fownes, and Vitousek 2001 ). 
Although these simpli fications have been instructive, they do nor. preclu~e the pos
sibil ity-indeed, the likelihood- of important multi lemenrallmeraCtlons when 
a wider variety of processes and time scales are con ideree!. 

When nutrient manipulation experimenc demon trate a synergistic r ponse 
[Q marc than one e1emem. the respon e is u ually described by an imera cion term 

resulting from convemional analysis of variance. Allhough th~ AN?VA may ~e 
nee sary or demonsuating tatlstical significance, the ecologl aI slgJ1lfica~ce. ls 
li kely co Ii .. in the imerpretation of how and why rhe response of XI to Xz IS d If
fe rent when X} is present in grearer or lesser quantity. T h is ecological interprer.{
tion usually requires expre:.si n with in a modeling framework and may als 

require disaggregation of the response variable. For example. ifXI is p lant gr~wth 
and X and X~ are N and P concentrations in the soi l, it may be ne essary to diVide 

the pl~m bio~ass growth response illt responses of individual species wi thin the 
community or to analyz.e separately lhe respon es of roars, stems. and ollage. hJS 
si mple example ignore much mor compl x processes, sllch as herbivor~, enz~me 

production, or symbioses that may be equally important. ~Ithough pafSlmon~ous 
explanations and simple models are u ually desirable, multlclcmcntal JOleract1~ns 

d arly r quire some degree of add d complexity in conceptual and numencal 
models. 

LIM ITATI NS OF THE OPTIMI TION PARADIGM 

Another common paradigm us d in ecosystem m dels is the no tion of optimiza
tion, which assumes (hat org n isms optimize the use and allocation of resources 

in a way that maximizes their functional effi ciency. This as ul11ption hold~ g~eat 
conceplual vallie and has been effectively app lied [Q simulating resource ltmIta
tions in a variety of habit rs (e.g., Arm ·trong 1999; de Mazancourt, Lareau. and 
Abbadie 1999) . There are, however, at least two imponant pilfalls that must be 
cons idered for effective use in element cycling models. T hese pitfalls involve the 
question of what processe are being optimized and at what levd of organization 

optimization h uld occur. erre lrial ecosy tem models, for example: o~en. carry 
the assumption that oplimal re ource al loca(ion hould I ad to a maxImization of 
biological produccion. Evolutionary pressures, howev c, favor adaptations that 
maximize survival and repr duction rather than growth (Arendt 1997) . Alrhough 

4. N t'w Frontiers in the Study ofElem nt fnreractions 7I 

growth fate and reproduclive success are often related , resource allocation parterns 
tha t app ar to be suboptimal cal1 b favored when they provide an advantage in 
terms of competi li e interacrio ns with neighbo ring individu Is. 

Fu rrh~~, ecause selectio n operate.! on individuals rather than on ecol gical 
communltIes, we sh uld not asswne that op timizarion will necessarily produce 
~aximal fun tio ni~g over emi r ecosystems. As an example. most frons 10 pre
dIct leafarea lIldex IJ1 plant canopies assume that optimization should lead t max
imum photosynthetic capacity of the en tire canopy. Anten and Hirose (2 01), 
however. suggested thar rh is approach is conceptUally flawed be ause evolulion 

ary mechan isms act not on whole plant anopies, but on the ind ividuals within 
them. Using a model that comrasred individual and canopy-level photosynthesis, 
the author showed that fo liar allocation patterns that optimize phOtosynthes is 
over the canopy are not evolu tionarily sta ble because at rhis leaf area index (LAO. 
an individual wid1 in the stand can increase irs gr wth rate by increasing its indi 
vid ual I aLu ea. 

ECOLOGICA L f NTERACTIO NS r\ND SPECIE EFPI: S 

he ways in which indiVIdual species influence biogeochemical cycles has been an 
active area of investigation and debate for many years. Because functional di er

ences between species often involve d iffere nces in the p r portions and forms in 

which various clemems ar used, differences in specie composition within eco
logical communities lead [0 basic d ifferences in clement interactions. For exam
ple, Binkley and Valemine (1991 ) showed differences in soil properties and e1e
mem cycles among ft fty-yeal'-oJd forese p iantatiom in Con necticut. U.S.A. , rhat 
corresponded to differences in G1.rbon quality and cation use among the species 

~I a nred . nderstand ing d ifferences in element use between p cies is particularly 
Important for predicri ng temporal dynamics because species compo ition in eco
loaicai communities is rarely static. Changes over time that re ult from pancrns 
of dis turbance and succession complicate our und rstand ing of elernem interac
tions because our understand ing of the mechani "ms d riving th sc changes is 
incomplete. In addition. the tem poral dynam ics f element imeractions due t 

species change is un likely to coincide d irecrly wi th rhe specie' change i elf, 
because species can have important legacy effecrs on the enviro nments in which 
they exist. long after they have been replaced by other pecies. 

NUTRIENT AVAILABILITY AND r ISTORICAL HUMAN LANl) Us 

The previo Ll example~ invol ed si tua tions in which population-. communi ry-, 

and e~osys[em-Ievel proce ses interact in ways that challenge tradirional biogeo
chemistry models. Other examples ofhow factors that affect element interactions 
can cross traditional disciplinary boundarie.s in olve processes mediated by 

http:expre:.si
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persistent in our th ink ing. For example, vegetation growing on highly weathered 
soi l substrates is commonly considered P limited, while vegetation on younger 

substrates is commonly considered N limited (C rews et al. 1995) . T hese general
izations are based on an understanding ofsoil chemical properties as they vary dur
ing soil weathering and are supported by n utrient amendment experiments and 
patterns of foliar conccJ1[rations and nutrient use efficiencies (Vitousek 1984; 
Vitousek and Farringco n 1997; H arringcon, Fownes, and Vitousck 2001 ). 

Although these simplifications have been instructive, they do nol preclude the pos
sibi li ty- indeed, the likelihood-ofim portant mulrielemental interactions when 
a wider variety of processes and time scales are considered. 

When nu trient manipulation experi ments demonstrate a synergistic response 

to more than one element, the response is usually described by an interaction term 
resulting from conventional analysis of variance. Al though the ANOVA may be 

necessary for demonstrating statistical significance, the ecological significance is 
likely to lie in the interpretation of how and why the response ofX J ro ~ is d if
ferem when X3 is present in greater or lesser quantity. T his ecological interpreta
tion usually requ ires express ion wilhin a modeling framework and may also 
require d isaggregation of the response variable. For example, if XI is plant growth 

and Xzand X3 are Nand Pconcen trations in the soil, it may be necessary to divide 
the plant biomass growrh response into responses of individual species within the 

communi ty or to analyze separately the responses of rOOts, stems, and foliage. T his 
simple example ignores much more complex processes , such as herbivory, enzyme 

production , or symbioses that may be equally important. Al though parsimonious 
explanations and simple models arc usualJy desi rable, multielemental interact ions 

clearly requi re some degree of added complexity in conceptual and numerical 
models. 

LIM ITATIONS o r TI-IE O rTl MIZA liON PARADIGM 

Ano ther common paradigm used in ecosystem models is the notion of opti miza
tion, which assumes that organisms optimize the use and allocation of resources 

in a way that maximizes their funct ional effi ciency. T his assumption holds great 
conceptual value and has been effeltively applied to simulati ng resource limita
tions in a variety of habitats (e.g.• Annstrong ] 999; de Mazancourt, Loreau, and 

Abbadie 1999). T here are, however, at least two importanc pitfalls that must be 
considered fo r effective use in element cycling models. These pi tfalls involve the 
question of what processes are being optimized and at what level of organ ization 
opti mization shou ld occur. Terrestrial ecosystem models, fo r example, often carry 
lh" ",.,urn p<inn "h"t 0 pli,,1a.1 reSO Ul'Le allocation should lead to a maximization of 
biological prod uction. Evolutionary pressures however cavor ad . I 

• . . " I: apratlons t lat 
maxImlZC survIval and reproduction rather than growth (Arendl J997) . Al though 
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growth ra te and reproductive success are often related, resource allocation pattern 

that appear ro be suboptimal can be favored when they provide an adva ntage in 
terms of competitive interactions wi th neighboring individuals. 

Further, because selection operates on individuals rather th;ln on ecological 
communi ties, we shou ld not assume that optimization will necessarily produce 
maximal functioning over enti re ecosystems. As an example, most efforts to pre

dic... leafarea index in plant canopies assume thar optim ization sh ould lead to max
imum photosymhetic capaci ty of the entire canopy. Amen and H irose (2001), 
however, suggested lhat [his approach is conceptually fl awed because evolUtion
ary mechanisms act not on whole planr canopies, but on [be individuals with in 
them. Using a model that con trasted individual and canopy-level photosynthesis, 

the authors showed that foliar al location patterns that optimize photosynthesis 
over rhe canopy are nor evolUtionarily stable because al th is leaf area index (LAl), 
any individual with in the stand can increase its growrh rate by increasing ils indi

vidual leaf area. 

COLOGICAL INT ERACTIONS AND SPEC IES l::.rFEcTS 

The ways in which individual species influence biogeochemical cycles has been an 
active area of investigal iOIl 3Jld debate for many yeru·s. Because functional differ
enccs between species often involve d ifferences in the proportions and fo rms in 

wh ich various elements are used, differences in species composition within eco
logical communities lead to basic differences in element interactions. For exam

ple, Binkley and Valent ine (1 99 1) showed d ifferences in soil propenies and ele
ment cycles anlong fifey-year-old foresr plantations in Connecticut, U .S.A., that 

corresponded co differences in carbon quality and cation use among th t species 
plan ted. Understandi ng d ifferences in clement use berween species is particularly 
imporcant for predicting remporal dynamics because species composition in eco
logical communities is rarely static. Changes over lime thar resul t from patterns 
of disturbance and sllccession complicate our understanding of element interac
tions becallse our unders tanding of the mechan isms driving rhose changes is 

incomplete. In addition, the temporal dynamics of element interactions due to 

species change is un likely to coincide d irectly with the species change itself: 
because species can have important legacy effects on (he environments ill which 

they exist , long after they have been replaced by other species. 

N UTRIENT AVAILAl3ILITY AN!) HISTORICAL HUMAN LAND USE 

The previous examples involved situations in which popuLation-, communi ty-, 

and ecosystem-level processes interact ill ways that Lhallenge traditional biogeo
chemistry models. Other examples of how factors that affect element interactions 

can cross tradit ional d isciplinary boundaries involve processe~ mediated by 
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nutrient chemistry (Scholes and Walker 1993) . 


hUI an social or economic activity. An instructive demonstration of this come~ 
from the nutrient-poor savannas of somhern Africa as deser t e.d by Schole~ an d 
Walkef (1993). Thesc ecosystems are extensive on the sandy,. h ighly lea~1e an 

a -idie soils that occupy the majoriry of the region ~d are ryplCally doml~atedby 
broad-leaved getation such as BlIrkea africana. Discrete p~tches of num nt-nc~ 
fine-leaved savanna, however, are occasionally found withIn these b road-leave 

. ' t'les The disuibution of these palches bears no ob 10US rela 
vegetation commUnL . . . I 
. h ' h'cal ('eaLU re of the landscape bm rather has been (Jed to alc 1ae

nons Ip t p YSI II 

o logi al remnants of past human societies. . ' 

f the A('rl'can Iron Age Tswana people occurred In the regIOnen emel1lS I Ii • 

4. New Front ier~ in the Study or Element lnteraCtions 73 

more than 700 years ago b ut ryp ically lasted r just a few decades in an one 

location. T hese selrlements led co the accumulation of large amounts of nlllri 

ents in so il , as a resu lt of fi rewood collect io n a nd the corralling of animals at 

nigh t. The accumulation of nu t ri ents, in tu rn , led to a complete switch in the 

vegetarion typ and ecosy'tem dynamics that in some case have persisted for 

many cen turies (Figure 4. 1). Ie i di ffi cult to understand how relatively shorr

term nutrient in puts have produced such long-term changes. b ut one possible 

explanation is thar the added nutr ienrs alrered the fundamenral plant-soil feed

back m chan isms whereby add iti nal phospho rus fro m decomposing animal 

lissues made it possible for Acacias co become established. Because Acacias are 

di-ni trog n fi xers, theif presence would furrhe r the pr cess of nutrien t ('nri h

mene. Once esrabl i hed, these sites also attract a variety 0 native herbivores , 

which m ay contribu te to th e ongoing ma.iruenance of theil' atypical biogeo

chemica l status. This combination I istarical hu man land use and shtfting eco

logical feedback me han isms has been characlerized quantitativ Iy (Scholes and 

Walker J993), bu it represents an enormous and, as yet, unmct challenge for 

p rocess model ing. 

New Approaches and Recent Advancements in Element 
Interactions Research 

Ithough issues d iscussed in the prec ding section repre~em impor am and in 

some cases dau nting challenges to e1emenr interactions resear h, it can be both 

instruclive and encouraging to onsider areas in wh ich methodological and COI1

ceptual breakthroughs have led to rapid and sub tan cial gains in our underst nd

ing. As an arly xa rnple, the biogeochem i<.:al theories proposed by laciimir Ver

nad ky repre enred a significanr conceptual advancemel1l, yet they could also be 

viewed as a producr ofpreceding methodological advancements that provided ele

ment analys s of atm spheric gases, rocks, and so ils. 
M any years later, deveJopm nr of methods for retr ieving and analyzing gases 

trapped in ice cores provided a new view of feedbacks between c1emenr interac

tions and climate dynamics thar spanned geological time cales (e.g., Mayewski 

and Whire 2002). Another example of concordant technological developmem and 

scientific und [standing Car! be seen in the technologies associated with trace 

meta l analy is and the role of iron limitation in rhe open ocean (D ucklow. Ol i er, 

and m ith, harter J6, th is vo lume). Development of methods f r clean water 

sampling led to the important d iscove r that di-nirrogen fixa tion can be li mited 

by nanomolar levels of iron (e.g., Ko lber et a l. 1994) . In [his seerion we highlight 

several more receor advancemenrs that may have signiflcam potential to f, ster 

rap id changes in clement cycling research. 
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Figure 4.1. A transect through :l fine-leafed savanna parch within a hroad-Ieafed 
!>.lvanna. reflecting the long-term legacy of the African Iron Age Tswana people. 
(a) Distribu tion ofwoody planrs: solid ~}'mbols are fine-leafed [Tee..,; (b and c) soil 
nutrient chemistry (Scholes and Walker 1993). 

human social or economic ;lcriviry. An instructive demonstration of this comes 

from the nutrient-poor savannas of southern Africa as described by Scholes and 

Walker (1 993). These ecosystems are extensive on the sandy. highly leached and 

ac id ic soils that occupy the majoriry of the region and are rypically dominated by 

broad-leaved vegetation such as Burkea ajriCfll1(/. Discrete patches of nm rient-rich 

fine- leaved savanna, however, are occasionally found wimin these broad-leaved 

vegetation comm uni tie$ . The distribution of these patches bears no obvious rela

tlol1ship to physical features of me landscape but rather has been tied to archae
ological remnams or past human societies. 

enlements of the African Iron Age Tswana people occurred in the region 
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more man 700 years ago but rypically lasted for JUSt a few decades in anyone 

location . T hese seulemems led to the accumulation of large amounts of nutri 

ents in so il s as a resul t of fi rewood col lection and the corralli ng of animals at 

n ighr. T he accumulation of nutrients, in tu rn, led to a complete switch in [he 

vegetation type and ecosy~tem dynamics that ill some cases have persisted for 

many centuries (Figu re 4. 1) . It is difficult to understand how relatively short

term nutr ient inpms have p roduced such long- term changes, but o ne possible 

explanation is that the added nutrients altered the fundamental plant-soi l feed

back mechanisms whereby addit ional phosphorus from decom posing animal 

tissues made it possible for Acacias to become established . Because Acacias arc 

di-nitrogen fixers , their presence would [urmer the process of nutrient enrich

men t. Once established , tbese sites also artract a variery of native herbivores , 

which may contribute to the ongoing maintenance of their atypical biogeo

hemical sraws. This combination ofh isrorical human land use and shifting eco

logical feedback mechanisms has been characterized quantitatively (Scholes and 

Walker 1993), bur it rep resents an enormous and, as yet, unmet challenge for 

process modeling. 

New Approaches and Recent Advancements in Element 
Interactions Research 

Although. issues discussed in the preceding section represent important and in 

some cases daunting challenges to element interactions research, it can be both 

instructive and encouraging to consider areas in which memodological and con 

ceptual breakthroughs have led to rapid and substantial gains in our understand 

ing. A~ an early example, the biogeochemicallheories proposed by Vladimir Ver

nadsky represented a ~i gnificam conceptual advancement, yet they could also be 

viewed as a product of preceding memodological advancemenrs tha t provided ele

ment analyses of atmospheric gases, rocks, and soils. 
Many years later, development of methods for retrieving and analyzing. gases 

trapped in ice cores provided a new view of feedbacks between elemen t interac

tions and climate dynamics chat spa.nned geological time scales (e.g .. Mayewski 

and Whi te 2002). Anomer exa.mple of concordam technological development and 

scientific understanding can be seen in the technologies associated with trace 

metal analysis and the role of iron limitation in [he open ocean (Ducklow, Oliver, 

and Smi th, Chapter J6, this volume). D evelopment of methods for clean water 

sampli ng led to the important discovclY that di-nitrogen fixation call be limited 

by nanomolar levels of iron (e.g., Kolber ec al . 1994). [n this section we high ligh t 

several more recent advancementS mat may have significant potemial (0 taster 

rapid changes in element cycling research. 
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Resolving the Chemical Identity ofElement Observations 

Idemiftcarion and quanlification 0 materials at a molecular level is a crucial step 
in the study of element intera lions. Most f the majo r advances in our under
standing of processes governing these inre ranions are grounded in deta iled 

nowledge of chemical compounds. As [he preced in sections described, barri 

ers to our understanding of these interactions often arise rom an inab iJi ry to 

identify and/or mea ure the disrribution of lemcnts acros various chemical 
ompounds. For example, we have known f r more than twenry years tha t li ll r 

Je omposition and asso iated nutrient transformations are related to the struc
ture and concentration of lignin and nitrogen in plant tissues (e.g. , Bcrg and Staaf 
1980; Melillo, Aber. and Muratore 1982, Berg and Mc laugherry 2003). Nev
rrhele s, there can srill be large unexp la.ined variation in the relationships 

between lignin , N. and li tter decompo iti n pa tterns. Recent advances in ana
lytical techniques such as near infrared spectroscopy (NIRS) and pyrolysis-gas 

ch romarography/ mass specrrometry-combustion interface-isotope rat io-mass 
specttOmetry (py-GC/MS-C-IRM ) allow a more omprehemive understanding 
f decomposition • t the molecular level an , in particular, rhe relationship 

between litter carbon quality a.nd decomposition rate (Joffre t a1. 200 1; 
G leixner et al. 2002). 

S LID AND LIQUID PHASE A 'ALYSES 

for soils and water samples. te hniques uch as n , 1<; • and 32p nuclear mag

netic resonance MR) have been used with va rying S lICC S across a range of 
ecosystem. In aquatic ecosystems MR techniques have been used to bert r 
undersrand the narur of carbon/ni trogen bond ing in di so lved orga nic matte r 
(McKnight et al. 1997). In terresrrial ecosystems at least tw stud ies have com
bined 1.\ , 15N, and 32p MR techniques to evaluate the degree to which Nand 

P mineralization are coupled to C (Gressel et al. 1996) . The combined analysi 

of [he structural basis for , N, and P bonding and change through ti me 
focuses on (and challenges) evidence behind long-standing arguments for c u 
pled C-N and decoupled C -P du ring deccmpositio n/ mineralizal ion (M 'Gill 
and Col 198 1). ew techniques involving py-G /M -C-IRM and NMR 
offer signi ficant insight into decompo ilion patterns, the pre. ervation of 
organic matter through time, and the re lationship between N availability and 
decomposi tion rates (Gleixner, Bol, and Balesdent 1999; Preston 2001 ; 

leixner ta l. 2002; Neff et al. 2002). Despite these advances, there il> a clea r 
need 0 bener integrate ecological and molecular techniques and to improve 
co mmunication between investigators working at multiple seal, . Further, to 

date, there has not been as much advancemen t in the appliCc1.tion of advanced 

4. New Frontie.rs in [be tudy of Elem 'n[ Incera [ions 

Box 4.2. Abiotic niuatc immobilization in soils: 

he ferrous wheel h p thesis 


~ example of multiple el ment int ractions is the "ferrous wheel hypothesis" 
fo r abioric nitrate immobi lization in soils, offered by Davidson, Chor ver, and 
Dail (2003) . Carbo n ompounds d rived from h rosynthate reduce Fe(IIl) 

in so il minerals, produ ing r active Fe(II) species that redu e nit ra te to ni trite, 
and nitrite sub equendy reacts with receptive moieties in diss Ived organic 
matter (DOM) to produce dis olved organic- (DO ). T his pro ess could be 

an important mechanism by which inorganic- from atmospheric d po irion 
is convert d to orga nic-r with in soils without the I rge C requirement neces
sitated by biological assim ilation. Iron is abundant as fe (I If) ill most well
drained mineral soils, and interactions of nitrate and iron are known to be 
important in aquatic ecosystems (Senn and H emond 2002), bur li ttle is 
known about iron spe 'iation and reacti vity in so il microsites. 

Oxidized C 


+DOM 
(nitration) 

Nq-

(e.g., HCOOH 


Reduced C 
(e.g., CHzO) 

DOM -N 

analyt ical t chn iques [0 dement inte actions at a mol cular level. In the [m ure, 
compound-specific techniques tha t link structural identification of biomarkers 
with fl t 001 12,13 hUl also 14.15N could significandy advance our under

standing of elemental intera tions at a molecu lar level in both aq uatic and tCf
rest ria I environments. 

GA~ P HASE ANALYSES 

Perhaps the bes t-known "new advance" in atmospheri measurement techniques 

involves rh development and widespread application of robust open-pa th infrared 
gas analyzers. Tb ese instruments expon ntially incr ased the number of com
mercially available eddy-covariance sy tern, and allowed many researcher to 

measure high-frequency CO2 and H 20 fl uxes at the canopy scale. The wealth f 

http:Frontie.rs
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Resolving the Chemical Identity ofELement Obserllations 

clenrification and quantifica tio n of mate rials at a molecular level is a crucial step 
in the study of element in teractions. Mos t of th e major advances in o ur under

sta nding of processes governing these interactions arc grounded in detailed 

knowledge of chem ical compounds. AI; the preceding sections described, barri
ers [Q ()u r understand ing of these interactions often arise from all inab ility to 

identify and/or measure the d is tribution of elements across varioul. chemical 

compounds. For example, we have known for more than twenty years that li tter 

decom position and associated nutri ent transformations are related to the struc

turc and concentration ofl ignin and ni trogen in plant tissues (e.g., Berg and Staaf 

1980; Melillo, Abe r, and Muratore 1982; Berg and McClaugherty 2003). Nev
ertheless , rhe re can sti ll be large unexplained variauon in the re larionshi ps 

between lignin, N. and litter decomposition patterns. Recem advances in ana 

lytical tech niques such as near infrared spectroscopy (NJRS) and pyrolysis-gas 

chromatography/mass spectrometry-combustion interfacc-iso rope rat io-mass 
spectromet ry (py-GC/MS-C-IRMS) al low a more comprehensive understandi ng 

of decomposi tion at the molecular level and, in particular, the relationship 
between litte r carbon quality and decomposition rate (Jofrre e[ a1. 200 ]; 
G leixner et 011. 2002) . 

SOLID AND LI QUID P HASJ:. Al'lALYSES 

For so ils and water samples, techniq ues sllch as 13C. 15N, and up nuclear mag 

netic resonance (NMR) have been lIsed with va rying success across a range of 

cosystems. In aquatic ecosystems NMR techniques have been used CO better 
undersrand the natu re of carbo n/nitrogen bo nd ing in dissolved organic ma tter 

(McKnigh t et a!. 1997). Jn terrestrial ecosystems at least twO srud ies have: com 
bined I3C, l)N. and 32p NMR techniques to evaluate the degree to wh ich N and 

P mine ralization afe coupled to C (Gressel et a!. 1996). T he com bined analysis 

[ the srrucrural basis for C. N, and P bonding and change through t ime 

focuses on (and challenges) evidence behind long-standing argu ments for cou 

pled C-N and decoupled C-P during decompositio n/ m ineralizatio n (McGill 
and Cole 1981 ) . New techn iques involving py-GC/MS-C -IRMS and N MR 

offer significant insight into decomposition patterns, rhe p reservation of 

organic matter th rough t ime. and the rcla[io n~h i p between N availab ility and 

decomposit ion rates (Glcixner, Bol, and Balesdent 1999; Preston 200 I; 
G leixner et a1. 2002; Neff et al. 2002) . Despite these advances, there is a clear 
need to bener integrate ecological and molecular tech niques and (0 improve 
Lomm unication between investigators working at mu ltiple ~cales. Further, to 

date. the re has not been as m uch advancement in the app lication of advanced 
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Box 4.2. Abiotic nitrate im mobilization in soils: 

The ferrous wheel hypothesi 


An example of multiple element interactions is the "ferrous whee.! hypothesis" 


for abiotic nirrate immob il ization in soils, offered by Davidson, Chorover, and 


Dai l (2003). Carbo n compounds derived from phorosynthate reduce Fe(lIl) 


in soil m inerals, producing reactive Fe(D) species that reduce nitrate to nitrite. 

and nitrite subsequently reacts with receptive moieties in dissolved organic 


matter (DOM) to produce dissolved o rganic-N (DON). This process could be 


an important mechan ism bywhich inorganic-N from atmospheric deposition 


is converted to organic-N within soils without the b rge C requirement neces 


sitated by biological assimilation. Iron is abundant as Fe(lIl) in m ost we.!l


drained mineral soils, and interactions of n itrate and iron are known to be 


important in aq uatic ecosystems (Senn and Hemond 2002), bu t little is 


known about iron speciation and reactivity in soil microsires. 


Oxidized C 

(e.g., HCOOH 
 Fe 2+ N~-

Reduced C NOz
(e.g., CHzO) 

+ DOM 
(nitration) DOM-N 

analyt ical tech ni ques co element interactions ae a molecular level. In the future, 

compound-specific techniques that link structural identificauon of biomarke rs 
wi th not only Il ·13C bue also 14.ISN cou ld significantly advance our under

standing of elemental interactions at a mo lecular level in both aq uatic and ter

restrial environments. 

GAS PHASE AN ALYSE 

Perhaps rhe best-known "new advance" in atmospheric measurement techniques 

involves the development and widespread application of robust open-path infrared 

gas <lnalyz.ers. These instruments exponentially increased the number of com
mercially avai lable eddy-covariance systems and allowed many researchers ro 

measure high-ftequency CO2 and H 20 fluxes at [he canopy scale. The wealth of 
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new data these mea uremen t~ have provided have given llS a much bener 'ense of 
bO[h the variabi li ty in CO2 anJ H20 fluxes in natu ral and agricultu ral ecosystems 

and of the mechanisms underlying these variations. 
Other techniques ar emerging that ha e already proven h lpfu l fo r making 

unique measurements and for maki ng measuremencs at shorter ti me scales than 
we re previously possible. Several of these methods involve laser spectroscopy of 

air samples and the quanrificalion of pani ular compounds (and in some cases, 
thei r isotopic ratios). Tunable d iode lasers (TOL) are the best known of these 

techniques and have b en u ed fo r canopy mea urem TItS of methane, nitrous 
oxide, and carbon dioxide (Fowler e[ ai . 1995). Recently TDLs have been used 
fo r long-term (longer [han one year) studies of nirric acid and nitrogen dioxide 
fluxes at the canopy scale, resul ts fro m which ha e been essenrial fo r balancing 
the reactive ni trogen budget in northeastern forests (c. Volpe Horii , w1published 
results). urrendy, DLs are beginning ro be used f, r [he determination ofi 0 

topic ratios during eddy covariance studies for particular compounds of inrerest 
(e.g., CO ; Mcmanus et al. 2002) . A next generation of lasers, quantum cascade 

2
lasers, promises to bring the analytical capabilities ofTDL down ro the size of a 
briefcase, which would free researchers from the need to have a steady supply of 

liqu id ni troge n. 

M ETHODS AND M O DELS OF ATMOS PHERE BIOS PH ERE EXCHANGE 

Improved conceptual understanding has ~ometimes been coupled with the simlll
taneous development of instrumentation and modeli ng. Emissions of volatile 
organic ca rbon (VO ) from vegetation are a case in poin£. As portable, bauery
powered instrumentation for VOC m asurements became available, many more 
plant taxa were sampled across the surface of the globe (Lerdau, Guether, and 

Monson 1997; Valemin i et al . 1997). Th is increa eJ sampling leJ to much
improved regional invenrories, and chese, in rurn, allowed bener-constrained 

models of element interactions in the troposphere (Guenther et al. 199';, 1996, 
1999). In rhe early 1990s real-time analyzers for specific compounds allowed 
identification of the biophysical con trols over production and em ission. Th is 

mechanistic understanding led to the developm nt of mechani tic flux models that 
were applicable across broad spatial and temporal scales (Harley, Monson, and Ler
dau 1999). Such effective models have proven invaluable fo r determining the 
redox porential of the am10sphere and the interactions among VOCs, reactive 

forms of n itrogen. and ozone (Guenther et al. 1999). 
It is unlikely that such rapid progress could ha e be n made in the absence of 

these novel instruments. An add itional benefit of this rapid accumulation of 

knowledge has been an improved under tandi ng and quantiltClrion of VOC 
fluxes wirh respect to th global ca rbon cycle (Lerdau, C hapter 9, this vol ume). 

4. New h ontiers ill rlle Study of Elem t Inreracl ions 77 

A dvancements in Element Analysis fo r Individuals and Species 

In recenr years con iderablc progress has been made in characteriz.ation of popu
lation sizes, and in some ases detailed size-hased or pigment-based characteriza
tio ns can be mad wirh fl ow cytome try. Th ough ery helpful in dealing with bio
mass, fl ow cytOmetry does no t measure elemenr conrenl. It wOlJd be a major 
breakthrough iffl w cytometry could be coupled to a method to estimate elemem 

abundance (e.g., x-rays or near infrared spectroscopy [NlRSj) . At the mol cular 
level, probes for spe ific genetic material can now be used to assay particular 
microbial fu nction groups, such as nitrifying bacteria in soils. In the future con
ti nued development of such methods for gaining information about microbial 
populations (broadly defi ned, incl lld ing heterotr phic bacteria, small algae, and 
other ) will gready improve our knowledge of demenr cycle linkage in terrewial 
and aquatic ecosystems, particularly when biogeochemical measurement of ele
ments can be coupled to population censuses. 

A promising example of how this may be achieved involves the combined LLSe 
of new molecular technique and stable isotope analyses. T his strategy was ug

gesred by Nannipi ri, Bad ' lucco, and Landi (1 994) as an approach for measuring 
specific microbial pools in soil, and mo re recent! Radajewski et al . (2000) 
reported on a ~peci fi c application. After tre<i ing soil with a known !.lC source, 

they were able to extracr and separate 13C-labeled D NA and then characterize it 
(both taxonom ically and functio na.ll y) by gene probing and sequence ana lysis. 
This technique may off r a useful n w means of estimating the size of active 
mi robial C pools: by multip lying the ratio o f !3C-D to t tal DNA by the. oi l 
microbial pool. In addi tion, the taxonomic and funct ional charaaeri7-<lcion 
provides a mor precise understand ing of how microbial communitics are affected 
by various types of added C-sl1bs rtate. 

M OLEC LAR T.ECHN I ES FOR N UTR I ENT L IMITATION S 

ne of the most diff1cul t issues associated with eiemem inreraction is determin 
ing when and how nurrienr limitation oforganisms occurs . Although it is relatively 
easy to measure the concenrration of an element in a s i[ sample, it is much more 
d ifficult to determine whether that par icular dement li mits a panicular biotic 

activity. A significant methodological advance in the study of elemem interactions 
will, we hope, soon come with rhe devel pmem and appl ication 0 biorep ner 
probes. Bio r porter o rganisms are genetically modifi ed cells, so far eilher bacteria 
or algae, that have had a fl uorescence-producing gene coupled to a regulatory gene 
that is sen itive to physio logical li mitation of a single element or resour e. Biore

port rs have been eveloped, for example, to measure Fe-lim itation (Durham er 
al. 2002). Bioreporrers for o ther elements are under developrnenr. 
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new data these measuremems have provided have given us a much Ix:rter sense of 

both the variab iliry in CO: and H 20 fl uxes in natura l and agricultural ecosystem 

and of the mechan isms underlying these variations. 

Other techniques are emerging that have al ready proven helpful for making 

un ique measurem ents and for making measurements at shorter ti me scales than 

were previously possible. Several of these methods involve laser spectroscopy of 

air samples and the quantification of particular compounds (and in some cases, 

their isotopic ratios). Tunable diode lasers (TOL) are tbe best known of these 

techniques alld have been used for canopy measurements of methane , nitrous 

oxide, and carbon dioxide (Fowler et al. 1995) . Recently TOLs have been used 

for long-term (longer than one year) studies of n itric acid and nitrogen dioxide 

fluxes at the canopy sca le. results from which have been essent ial for balancing 

the reactive ni trogen budget in nonheastern fores ts (c. Volpe Hori i, unpu blished 

results). C urrently. TOLs are begin ni ng to be used for the determination of iso

topic ratios during eddy covariance studies for particular compowlds of interest 

(e.g., CO2; Mcman us et al. 2002). A next generation or lasers, quantum cascade 

lase rs, promises to bri ng the analytical capabiliries ofTOl down to the size of 
b riefcase, which would free researchers fro m the need [Q have a steadysupply of 

liquid nit rogen. 

ME1J10DS AN D MODELS OF ATMOS1' H ERE B IOSPH ERE ExCHANGE 

Improved conceptual understandi ng has sometimes been coupled with the simul

taneous development of instrumentation and modeling. Emissions of volati le 

organic carbon (VOC) fro m vegetation are a case in point. A5 portable, barrery

powered instrumentation for VOC measurements became available, many more 

plan t taxa wefe sampled across the surface of the globe (lerdau, Guecher, and 
Monson 1997; Valentini el al. 1(97). T his increased sampling led to much

improved regional inven tories, and chese, in turn , allowed better-constrai ned 

models of clement in teractions in the troposphere (Guenther et al . 1995, 1996. 
1999). In the ea rly 19905 real-time analyzers for specific compounds al lowed 

idcmwcation of the biophysical controls over producrion and emission. This 

mechan istic understanding led to the developmcnt of mechanisric flux models that 

were applicable across broad spatial and temporal scales (Harley, Monson, and Ler

dau 1999). Such effecti vc models have proven invaluable for determining the 

redox potential of the atmosphere and the in teractions among VOCs, reactive 

forms of nitrogen. and ozone (G uen ther et al. 1999). 
Jr is unl ikely that such rap id progress could have been made in the absence of 

these novel instruments. An adcLtional benefit of mis rapid accumulation of 

knowledge has been an improved un derstanding and quanti fi cat io n of VOC 

fl uxes witl1 respect to the global carbon cycle (lerdau, C hapter 9. thi~ volume). 

4. New Fronriers ill the Study of Element lmeractions 77 

Advancements in Element Analysis for Individuals and Species 

[n recem years cons iderable progress has been made in characterization or popu

lation sizes. and in some cases detailed size-based or p igment-based characteriza

tions can he made with flow cytometry. Though very helpfu l in dealing with bio

mass, fl ow cytometry does not measure element coment. It would be a major 

breakthrough if flow cytometry could be coupled to a method to estimate element 

abundance (e.g .• x-rays or near infra red spectroscopy [N1RSJ). At the molecular 

level. probes fo r specific genetic material can now be used to assay pa rticular 

microbial function groups, slIch as ni trifYing bacteria in so ils. In the future con

tinued developmelll of such methods for gain ing information about microbial 

populations (broadly defined, including heterotrophic bacteria, small algae, and 

others) wi ll greatly improve OU f knowledge of element cycle linkage in tenemial 

and aquatic ecosystems, particularly when biogeochemical measurements of ele
ments can be coupled to population censuses. 

A promising example of how th is may be achi eved involves the combined lise 
of new molecular tech Iliques a.nd stable isotope analyses. This st rategy was sug

gested by Nannipieri, Badalucco. and Landi (1 994) as an approach fo r measuring 

specific microbial pools in soil, and more recelltly Radajewski et a1. (2000) 
reported on a specific application. After treating soil with a known J.3C source, 

they were able ro ex tract and separate DC-labeled DNA and then characterize it 

(both taxonomically and runctionally) by gene probing and sequence analysis. 

This tech nique may offer a useful new means of es timating the si7.e of active 
microbial C pools: by multiplying the ratio of 13C-ONA to total DNA by the soil 

microbial C pool. In addit ion. me taxonomic and functional characteriz.1t ion 
provides a more precise understanding ofhow microbial com mun ities are affected 
by various types of added C -substrate. 

MO L£CU LAH TECHN IQUeS FOR NUTRIENT liM ITATION S 

One of the most difficult issues associated with element interaction is determin

ing when and how nutrient limitation of organisms occurs. Although it is relatively 

easy ro measure the concentration ofan element in a soil sample, it is much more 

difficul t to determine whether that particular element limits a particular bio tic 

activiry. A sign ificant methodological advance in the srudy orelement interactions 

will , we hope, soon come with the development and application of bioreporter 

probcs. Bioreporter organisms are genetically modified cells. su far either bacteria 

or algae, that have had a fluorescence-producing gene coupled to a regulatory gene 

that is sensi tive to physiological li mitation of a single element or resource. Biore

porters have been developed, for example, to measure Fe-l imitation (Durham et 
al. 2002) . Bioreponers for other elements are under developmen t. 
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A similar approach to me;asuremem of element availabil iry is in immunoassays 
for individual protei n . rn Fe-limited algae, (he r piratory enzyme Aavodoxin sub
stitutes for the Fe-containing ferridoxin when cellular iron is deficient. Immune 
assays have been developed that can int~rrogate the cell from lIatural populations 
to determine which of these twO enzymes they carry (McKay er al. 1999). M eth

ods development allowing lor routine application f bioreporcers, immu noas
says, and other pby iological studies of nutrien t availabiliry could mean a major 
breakthrough, because rhis approach uses rhe response of an organ ism in the 
habitat itself t measure the availabil ity of nurrients. We look fo rward to puning 

a mix tu re of biof 'portcrs into water samples or so il samples and lerring rhe emi t
red fluo rescence of given wavel ngrhs "report" the ra i s of avai lable nurri nts in 

those substrates. 
T hus [.'1r, this chapter has concentrated largely on rhe difficulties of identify

ing microorganisms and their role in elemenr in teractions. This emphasis occurs 
p rdy because plam ~pecies and their elemen coment have generally been easier 
co idemify, a[ lca~l fo r aboveground plant pans. Identifying plant roots in the soil 
profile, however, ha been extremely d ifficulr. Ecologists recogniz a large vari

ab il i y in rooting depth among plant species (CanadeU e[ al. 1996; Jackson et a1. 
1996) and, consequently, hyp thesize ch at chang'5 in plant-species composition 
would have major c n e'luences for the cycl ing in ecosystems. Tesring of this 
hypothesis requires unequivocal idenrirlcation f roots in the soil pro ftle . 
Recenrly, Jackson et ' I. ( J 99) were able to identify rOOts of tree species at d iffer
ent depths in the soi l profile by comparing the roor DNA sequences against a ref
erence database developed for abov ground plant parts. Smdies like this will 
become more con mon in the near future because reference databases are grow
ing at a rapid rate, saving researchers' time and resou rces . 

Scaling Element Interactions from Sites to Regions 

A common rheme in all fie lds of science is the ques tion of how co rake informa
tion collected at one scale and apply it to processes that man ifest themselves at 
anolher. In ecosystem cience this challenge i parricu larly relevant because 
proces'es that are critical 0 the discipline occu r at spatial scales ranging from 
m icroscopic to global and at temporal scales ranging from 'e onds to millennia. 
In terrestrial systems, methods by which leaf-, plant-, and stand-level observations 
can be r lated to Jandscapes, regions, and cominenrs have been the subject of 
mu h discussion ( '.g., Ehleringer and Field 1993; Re ich, Turner, and Bolstad 
1999). Although a variety of approaches have been propo ed, there is widespread 
agreemem chat remote sensing holds a cenrr I and irreplaceable role. Remote 
platforms provide the only means of vi wing large p rtions of the Ear h's surface 
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at regular intervals, and the selective absorption and reflectance of light by plant 
tissues allows optical sensors to gather tremendo us amo unrs of ecologically rde
ant in formation . 

RECENt' ADVANCEMENTS IN REMOTE. SENSING 

Satellit and aircraft rem te-sensing data provide some of the best options fo r spa
tial scali ng of ecological processes (Ustin, Smid" and Ada ms 1993). For biogeo
chemical analysis, however, remote-sensing dara generally provide only a fraction 
of (he informacion scientists require. Many important ecosystem properties can

nor be directly detecred but must be estimated from algorithms that relate raw 
reflectance ro more useful Ian scape or vegetarion properties. T hese algori thms are 
often challenging co derive and an be subject to substantial uncertainries. To date, 
a large number of remote-sensing applicat ions in ecosysrem science have 
add r ed parrerns of productiviry and carbon uptake. but fewer have explicitly 
addressed issues ofele.ment cy ling or, mo re rarely, mul tiple element inte ractions. 

O ne common approach to conducting spariall . explicir analyses of ecosystem 
production has been to use spectral vegetarion indices , such as the normal ized dif
ference vegetation index (NDVO, chat relate to egeration properties such as 

co er rype or LAl (leaf area per unit ground area). These data can then be used as 
input to ecosystem model , capable of simularing a vari ry of other processes (e.g., 
Ollinger, Aber, and Federer 1998). The use of LAl as an estimator of productiv

iry has been most effectively demonstrated across large m isrure gradi nrs where 
subsrantial variation in LAI can be ob rved (e.g., Gower, Vogt, and rier 1992; 
Fassnach t and Gower 1997). The approach, however, is more li mited ae finer spa
tial scales and wid1 in regions where moistur regi mes and LAl are less vari ble, but 
where vari rion in prodllction nevertheless occurs owing to variation in soil nutri
ent availab il iry and/or the production effici ency of fol iage (Coops and Waring 
2001). Addicional Iimi rations ofLAI -based methods stem from facro rs thar cause 

both vegetation indi ces and LA1 to e)(h ibi r nonlinear, asymp totic relationsh ips 
wi th rates of production (Gower, Reich, and Son 1993' Reich, Turner, and Bol
stael 1999). 

In recent years a variery of new remote-sensing te h niques have been developed 
that may offer improved access to ecosystem structure and funcrion. Synthetic 
aperrure radar and laser alti metry (e.g., light detection and ranging. or LIDAR) 
provide information on the size and spatial distribution of canopy elemen ts rhat 
can provide th" basis for biomass estimates. T he uriliry of these techniques is 
increasingly e tablished, based on data fro m aircraft: and short space fl ights, bur 
satelli tes with appropriate sensors and gl bal coverage are not yet deployed. Mul
tiangle remoee sensing provides anotller aven ue for approachi ng canopy structure 
(Diner et al. 1999). Multiangle da ta are now available from 'pace-based platforms 
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A sinti lar approach to measurement ofelement availabil iry is in im munoassays 
fo r individual protei ns. In Fe-limited algae, the respiratory enzyme fl avodoxin sub
stitutes for the Fe-contain ing ferr idoxin when cellular iron is defi cien t. lmrnuno

assays have been developed thar can interrogate the celb from natural populations 
to determine which of these two enzymes they carry (McKay et al. 1999) . Meth

ods development allowing fo r routine appl ication of bio repon ers, immunoas
says, and orher phys iological srud ies of nutrienr avaijabiLiry could mean a major 

breakthrough, because this approach llSes the response of an organism in the 
habitat itself ro measure the avaiJabil iry of nutrients. We look forward [0 putting 
a mixture ofbioreponers into water samples or soi l samples and letting the emi t
ted fluorescence of given wavelengths "report" the ratios of available nutrients in 
tbose ~ubs[rates. 

Thus Far, this chapter has concel1lrated largely on the di ffIculties of identify
ing microorganisms and their role in element inreractions. This emphasis occurs 
partly because planr species and their elemenr conrenr have generally been easier 
to Iden tify, at least for aboveground plant pans. ldentifying plant roots in the soil 
profile, however, has been extremely difficu lt. Ecologists recognize a large vari
ability in rooting dep th among plant species (Canadell et al. 1996; Jackson et al. 
1996) and, consequently, hypothesize that changes in plant-species composition 
would have major consequences for the cycling in ecosystems. Testing of thi 

hypothesis requires unequ ivocal identifica tion of roots in the soil profi le. 
Recently, Jackson et al. (1 999) were able to identify roots of tree species at differ

ent depths in the soil profi le by comparing the roo t DNA sequences against a ref
erence database developed fo r abovegro und plant pans. Srudies li ke this will 
become more common in the ncar [mure because reference databases are grow
ing at a rapid rate, saving researchers' time and resources. 

ScaLing Element Interactions fi'om Sites to Regions 

A common theme in al l fields of science is the question of how to take informa
tion collected at one scale and apply it to processes that manifest themselves at 
another. J!l ecosy~tem science tl1 is challenge is particula rly relevant because 
processes that are critical ro the d iscipline occur at spatial scales ranging from 

microscopic to global and at temporal scales ranging from seconds to millennia. 
In terrestrial systems, methods by which leaf- , plan t-, and stand -level observations 

can be related ro landsca pes, regions, a.nd cominents have been lhe subject of 
much discussion (e.g., Ehleringer and Field 1993; Reich, Turner, and Bolstad 
1999). Although a variety of approaches have been proposed, there is widespread 
agreement lhat remote sensi ng holds a central and irreplaceable role. Remote 
platforms provide the only means of viewing large port ions of the Earth's surface 
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at regular intervals, and the selective absorption and reflectance of light by plant 

tissues allows optical sensors to galher tremendous amounts of ecologically rele

vam information. 

RECENT AOVANCEMP.NTS IN REMOTE SENSING 

atell ite and aircraft remote-sensing dara provide some of the best options for spa
tial scal ing of ecological processes (Ustin, Smith, and Adams 1993). For biogeo
chemical analysis, however, remote-sensing data general ly proviJt! only a fraction 

of the information scientists require. Many important ecosystem properties can
not be direcdy detected but must be estimated from algorithms that relate raw 
reflectance to more useful landscape or vegetation properties. These algorithms are 
often challenging to derive and can be sub ject to substantial wlCertaintics. To date, 

a large number of remote-sensing applicariom in ecosystem science have 

addressed patterns of productivity and carbon uprake, but fewer have explicitly 
addressed issues or element cycling or, more rarely, multiple dement interactions. 

One common approach to conducting spatially expl icit analyses of ecosystem 
production has been to use spectral vegetation indices, such as the normalized dif
ference vegetation index (NOV]), lhal relate ro vegetation properties such a 
cover rype or LAl (leaf area per unit ground area). T hese data can then be used as 
input to ecosystem models capable of simulating a variety of other processes (e.g., 
Ollinger, Aber, and Federer 1998). T he use of LAl as an estimaro r of productiv

ity has been most effectively demonstrated across large moislUre gradients where 
subslantia l variation in LAI can be observed (e.g., Gower, Vogt, and Grier 1992; 

Fassnacht and Gower 1997). The approach, however, is more limited at fi ner spa
tial scales and within regions where moisture regimes and LAl are less variable, but 

where variation in production nevertheless occurs owing to variation in soil nurri
em availabili ty 311d/or the production efficiency of foliage (Coops and Waring 
2001). Addi tional limitations ofLAl-based method~ stem from factors Lhal cause 
both vegetation indices and LAT to exhibi t nonlinear, asymptot ic relationships 
with rates of production (Gower, Re ich. and Son 1993; Reich, Turner, and Bol

stad 1999). 
In recent years a varicry of new remote-sensing techniques have been developed 

that may offer improved access to ecosystem strllcture and fu nction . Synthetic 
apcrmre radar and laser altimetry (e.g., light detection and ranging, or LlDAR) 

provide information on the size and spati al distri bution of canopy elements that 
can provide the basis fo r biomass estimates. The U[iliry of these techniques i 
increasingly established, based on data from aircraft and short space fl ights, but 
satell ites with appropriate sensors and global coverage are not yet dep loyt!d. Mul
ciangle remote sensing provides another avenue fo r approaching canopy structure 

(Diner et al . 1999) . Multiangle data are now available from space-based platforms 
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uch as the Multiangle Imaging pectro Radiometer (M1SR) . Hyperspati~ data, 

with a spatial resolution of one meter or better. are now avail~ble f~om satelllr~ sen

ors, aod investigator ' are begi nning to explore the pOle::LLa~ ot new algort,thms 

based on rhe si 'te, pacing. and dynamics of the crowm oll!1dlVlduallfees (Coops 

and Culvenor 20(0) . 
Another intriguing innovati 0 in remote .sensing I the development of 

~ircraft- and satellite-ba.~ed imaging spectrometers, also known a.~ hlgh-spectral
· r hyper pectral sensors Whereas t radi,i nal remote- ensing inslruresoIunon, ,. . 

menr divide the reflectance spectra imo a small numb r of discrete and dIscon

tinuous spectral bands, typically averaged over a wide rat ge of wavelengths, 

hyper 'pectral ensors measure ontinl1ous spectra using a ~arg.er number f n:~lch 
narrower bands. This L..1.pa ity has proven espeCially u dul or b Iogeochemistry 

research because pecuaJ information contained in these detailed images can be 

related co concentration or specifi elements in plane foliage (e.g .. Wes man et al , 
1988; Marci and Aber 1997; Amer 1998) . Spectral delection ofbio hemical con

srilllenrs in plant tissue grew initially ro m wo rk with benchlOp ~pec[romcters , 

which highlighted retlccrance fearures associated with -H and -H bonds. Air

and space-borne in, truments provide esscnrialJy rhe ame type rspecual data but 
l're~enl the ;tJded halIcnge of accouming 1'0 igl aI variarion due to at osphenc 
absorption and variation in canopy suuctLlre. In one recent application remote 

estimates of canopy oncenrrations in a temperate forest landscape were om

bined with xtensive field measuremenrs of fore, t C and N cydi11g to yield 

mapped estimates of aboveground net primary production (NPP) and soil CN 
ra tios (Colorplate I ; lI inger et 3.1 . 2002; Smith er al. 2002) . Spatial e liman:s f 

leaf N and soil C: coulJ, in rum , be related t 10 e, of nutrients and dissolved 

organic carbon rom watersheds. 

Although hyper pectral insrrumems have been widely explored with aircraft 

platforms. the nwnber of'sensors in operation is srill quite small and the limited 

llpportun iries for obtaining data have prevented its widespread u e. In addition , the 

'hallenges of coUecting, storing, and interpreting hyperspcctraJ data are slill sub

stantial and will require additional methodological developmenr before the full 

range of its capabilities and/or limitations is 'lpprcciatcd. Recent devclopmenr of new 

satell ite sensors (e.g .• [ A A's Hyperion instrument aboard the Earth C bserver 1 

[EO-ll platform) make further exp! ration of dllS pOlemiaJ promising. 

A Challenge for the Future: 

Resolving FWldamental Patterns of Element Interactions 


The world i currently experiencing unprecedented fluxes of biologically and geo

chemically active elements. but we lack the ability to forecast the consequence of 
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Figure 4.2. Potencial for fu ture element interactions research involvi ng combined 
application of new methodological approaches 

these {luxe. (Austin et aI., C hapter 2, this vol ume), in pan, because our basic 
understanding of how element intera lions are play d OU t is insu. ffi cient. We have 

seen cases where o rganis m stOichiorn try provides a useful con eptual framewo rk, 

but there are also numerous so urces of variabili ty that reduce the applicability of 

simple element ratios . What we pre ently lack is a ba~ic undemanding of the 

degree to which m ultiple el ment interacti ns f; Ilow globally g ner3.1i'lable pat
terns versus local o urces of complexity. 

Fundamental biogeochemic3.1 mechanisms such as nutrient turnover, atmOs

pheric clepo iti n . and biological N2 fixation are comm n cross ecosystem , bu t 

th ir relative importa nce varies t remendously across el m nts and environmental 

condi tions . Experimentatio n in el mem interaction poses un iq ue challenges 

because. in addition ro the inherent complexity of biogeochemical inrera t ions. 

their drivers are di stribu ted heterogeneouly ae l' S5 the globe. For example. 

whereas patterns of atmospheric nit rogen deposition arc driven by human indus

trial and agricuJ ru rai activities, patterns of geologically derived elemen ts . such as 

phosp horus, typically follow the g ological origin of the underlying parent m te

ri3.1. T he b iota, which largely omrols cycling of elements. also has independent 

patterns resulting from biogeographic mechanisms. Many large-sc3.1e experi

men ts, those o f born a manipulative natur and an observational nature, in a range 

http:large-sc3.1e
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such as the Multiangle Imaging Spenro Radiometer (M1SR). Hyperspatial data, 
with a spatial resolution of one meter or berter. are now available from satel lite sen 

sor~. and investigators are beginning to explore me pOtenrial of new algorithm 

based on rhe size, spac ing, and dynamics of the crowns of individual nees (Coops 
and Culvenor 2000) . 

Al10rher intriguing innovation in remOte sens ing is the developmenr of 

aircraIl- and satell ite-based imaging spectrometers, also known as high-spectral 

resolution , or hyperspectral, sensors. Whereas traditional remote-sen~ i ng insuu

ment~ div ide the reflectance spectra i!lto a small number of discrete and discon 

tinuous spectra l bands , typ ically averaged over a wide range of wavclengths , 

hyperspecrral sensors measure continuous spectra using a larger number of much 

narrower bands. This capacity has proven especially useful for biogeochem istry 

research because spectral in formation contained in these detailed images can be 

related to concemrations orspecific elements in plant foliage (e.g., Wessman et al. 

1988; Martin and Aber 1997; Asner 191)8) . Spectral detection ofhiochemical con 

stituents in plant tissue grew initially from work with bench top spectrometers, 
hich high lighted retlectance features associated with C-H and N-H bonds. Ajr

and space-borne insrrumen ts provide essemially tht' same rype of spectral data but 

present the added chal lenge ofaccounting for signal variation due to atmospheric 
ab~orption and variation in canopy structure. In one recent application remote 

estimates of canopy N concentrations in a temperate forest landscape were com

bined with extensive field measurements of forest C and N cycling to yield 

mapped estimates of aboveground net primary production (NPP) and soil CN 
ral ios (Colorplate 1; Oll inger et al. 2002; Sm ith et al. 2002). Spatial estimates of 

leafN and soil CN could, in tu rn , be related to losses of nutrients and dissolve 
organic carbon from watersheds. 

Although hyperspectral instruments have been widdy explorcd with aircraft: 
platforms, the number of sensors in operation is still quite small and the limited 

opporrunities [or oh tai n ing data have prevented its widespre.'ld use. In addition, th 

hallenges of collecling, stOring, and interpreting hyperspecrral data are still sub

stantial and will require additional methodological development hefore the full 

range ofits capabil ities andior limitations is appreciated. Recent developmem of new 

satellite sensors (e.g., NASA's Hyperion lIlstrument aboard the bmh Observer 1 

[EO- l ] platform) make further explorat ion of this potel1lial promising. 

A Challenge for the Future: 

Resolving Fundamental Patterns of Element Interactions 


The world is currently experiencing unprecedented fluxe.\ ofbioJogically and geo
hemically active elements, hm we lack the abil iry to forecast the consequences of 
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Figure 4.2. Potential fo r future element interactions research involving combined 
applica(ion of new methodological app roaches 

these fluxes (Austin et al., Chapter 2, this volume), in parr, because our basic 

understanding of how element interactions are played ou t is insuffici ent. We have 

seen cases where organism stoichiometry provides a useful conceptual framework, 

but there are also numerous sources of variability that reduce the applicabiliry of 

simple element ratios. What we presen tly lack is a basic understand ing of the 

degree to which m ul ti ple element interactions follow global ly generalizable pat

terns versus local sources of com plexity. 

Fu ndamental biogeochemical mechanisms such as nutrienr turnover, atmos

pheric deposition, and biological N2 fixation are com mon across ecosystems, bu t 

their relative importance varies tremendously across elements and environmental 

cond itions . Experimentation in element interactions poses uniq ue challenges 

because, in addition to the inherent com plex ity of biogeochemical interactions, 

their d rivers are d istributed heterogeneously across the globe. For example, 

whereas patterns of atmospheric nitrogen depos ition arc driven by human indus

trial and agricultural activities, parrerns of geologically derived el t:ments , such as 

phosphorus, typicaHy follow the geological origin of the underly ing parem mate

rial. T he biota, which largely controls cycling of elemenrs, also has independenr 

patterns resulting from biogeographic mechanisms. Many large-scale experi
men t.~, those of born a manipulative nature and an observational nature, in a range 
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ofdifferent eeo ysrems have added to our understanding ofbiogcochemi try. W, 

necd to move beyond these xperimcnts, however, ill [ryill to explore elemcnral 
interactions in a more comprehensive way, making use of a combination of the 
techniques discussed in the preceding secri ns (hgure 4.2). 

A Suggested E"Perimental Approach for Basic Element 
Interactions Research 

Sillgle-faccor manipulat ion experiments, statistically analyzed with analysis ot 
varian e techniques (e.g., response ofdement X to an addition of elemenr Y), cap

ture the behavior of a system at on ly twO points and allow only parcial under
standing of clement interactions. ompar d with a world in which tremendous 
heterogeneity and nuanced re ponses are the norm rather than the exception, it 
is worth considering whethcr experimental studies hoLild fo cus mor on m ulli 
actonal/mulcitreatment cxperim nts thar more closely resemble the rang of con

ditions pre ent in narural systems. Such experiments would allow scientists to 

movc beyond simplc t stS of significance loward dcrivation of full respon e sur
~accs , giving better indications of po ible thresholds and a continuum ofecosys
tem responses. Experiments also need to be planned with a longer tim franle 
(n inlmum of fi ve ye rs) than traditional funding cycles allow because element 
manipulalion' can involve long lag times hefore interactive responses bee me 
eviden t. 

We lilly recognize. howe er, that derailed mul tifactor and treatment experi
ments are not possible, or even desirab le, everywhere. We suggest that pa rallel 
series of experiment could be lin ked to help address the central questions abou t 
element interactions. T his series of experimental srudies might have two tiers of 
tighdy coordinated manipulative experiments and a dense network of monitoring 
site . . 1'1 e first lier w uld be made up of a few multifactorial experiments that 

would explore major dement interaction and their causal mechanisms. At Lhi 
level the detailed chemical and biological identi ty techniques already described 
could be used to explore mechanistic responses to varying treatments in grear 
detaiL ["he firs t-tier experiments would be complemented by a larger number of 
less-intensive manipu larive experimems disrribured along broad gradients of (he 
major biogeoch mical drivers . These experiments would provide information on 
the response surface of the major d rivi ng variables and provide val idarion of the 
mechan ism~ 'uggested by the fi rst-lier experiments. 

Finally, a dense network of element cycling monitoring sites established act 
broad environmental gradients w uld complement manipulati e experiments by 
providing info rmation across a much wider range of condi tion. This network 
would provide information on a range of bioge chemical parameters and th ir 
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of different ecosystems have added to our understand ing ofbiogeochemisrry. We 

need ro move beyond rhese experiments , however, in tryi ng to explore elememal 

interactions in a more comp rehensive way, maki ng use of a combination of the 

techniques discussed in the preceding sections (Figure 4.2). 

A Suggested Experimental Approach for Basic Element 
Interactions Research 

Single-factor mani pulat ion experiments, statistical ly analyzed with analysis of 

variance techniques (e.g., response ofelement X to an addition of element V) , cap

ture the behavior of a system at only two points and allow only partial under

standing of element il1leracr ions. Compared with a world in which tremendous 

heterogeneiry and nuanced responses are the norm rather than the exception, it 

is worth considering whether experimental studies should focm mo re on muhi 

factorial/m ultitreatment experiments chat more closely resemble the range of con

di tions present in natural systems. Such experi mems would allow scientists to 

move beyond simple tests of sign ificance toward derivation of full response sur
faces, giving bener indications of possible thresholds and a continuum of ecosys

tem responses. Experiment$ also need to be planned with a longer time frame 

(minimum of five years) tban trad itional fund ing cycles allow because element 

mani pulatioru can involve long lag times befo re interactive responses become 

eVIdent. 

We fully recognize, however, that detailed m ul tifactor and treatment experi

ments are not possible, or even desi rable, everywhere. ,tie sugges t that paral lel 

series of experiments could be lin ked to help address the central questions about 

elemcm ilHeracrions. This series of experimental studies might have twO tiers of 

tightly coord inated manipulative experiments and a dense network of monitoring 

~ites. The first tier would be made up of a few m ultifactorial experiment$ that 

would explore major element interactions and their causal mechan isms. At this 
level [he detailed chemical and biological identity tecbniques already described 

could be used to explore mechanistic responses to varying treatments in great 

derail. The firsr-tier experiments would be complemented by a larger n umber of 

less-imensive manipulative experiments d istributed along broad gradients of the 

major biogeochemical d rivers. T hese experiments would provide informatio n on 

the response surface of the major driv ing variables and provide validation of the 
mechanisms suggested by the first-tier expe riments . 

Finally, a dense network of elemenr cycling mon itoring sires established across 

broad environmental gradients would complement manipulative experiments by 
providing information across a much wider range of conditions. This network 

would provide information on a range of biogeochem ical parameters and their 
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d istribmion and, we believe, would add tr mendous value ro regional to global
s ale bioge chemical srudie . Ecologists hav often taken advantage of [he natu
ral variatio n that 0 curs along environmental gradients, and several effo rts are 
already underway that coul be complemented by the addici n f element 'ye/ ing 
measurements. T he Int rnational Geosphere-Biosphere Programme (I BP) has 
expanded this concept to the global scale with the idea o f "transects." T hey have 

proposed a global sy tern of about rwelve transects, each ofw hich wou ld be thou
sands of ki!omders long, span ning major grad ients beueved to be susceptib le to 
human-induced changes and climate change. As an example, the Kalal1ari Tra n
seer, mostly in Botswana, is on of th ree prop sed transects panning the precip
itation gradient berween the humid uopic and the subtropical deserts. Koch et 
al. (199 5) proposed the fo llowing set fbe nefi ts that could be gained from these 

transect effo rts: 

• 	The consequences of future changes cou ld be inferred rom patterns currently 

exhibited along the existing gradient. 
• Thresh ld effects may be identified along a continuous environmental gradient. 
• A mechanism for extrapolation would be gained that li nks the site-based work 

of ecologi ts to the regional scale of climatologists and pol icy makers. 

Finally, many limitatio ns in trying to quantify elemental inrera [i ns (:.'( ist 

because of the constraints of time, avai lable labor, and financial resources. Limi
tations in the availabil ity of financial and human resources preclude replicating key 
experiments across the globe in a way that ould match the existing combinations 
of drivers. Nor nly are resources scarce and insuffici ent, but lhey also have a 
skewed distribution, with a large fra\.tion concenrrated in developed countries. 
Mo t develop ing counrrie have smaller gross national products and devote a 
smal ler fraction to research and development than developed countries. 

Data jVfanagement and Synthesis 

Besides colle ting new data, we recognize that th scienri/Jc endeavor of under
standing multiple element inreractions needs to improve the management and 
archiving of existing data. Remarkable progress has occurred as a resu lt of the sys
temaric analysis and synthesis of data that were collected all over the world wi th 
diffe rent purpo es. For example, compilation of existing dara ets have given us 
important new insight in to a wide range of copies, incl udi ng global pa[[erns of N 
cy ling and 15N distributions (Handley et al. 19 9) , li nkages between vegetation 

status and upral<e (Reich, Walter ', and Ellsworth 1997; G r en, Erickson, and 
Kruger 2003), plant response to altered CO2 concentrations (Medlyn et al. 
2001), and regional to global control on C Exation (Sala tal. 1988). In many 
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cases, it is no t justified to coil ct new global data sets when reevaluation of exi t 

ing data is feasible. For multiple scientific end avors, there are examples oC 
national-level organ izations developed to facilitate the organiza tion, storage, and 
d istribution of data. For biodiversi ty, national se rvices sllch as CO ABl 
(Comisi6n Nacional de Biod iversidad) in Mexico and others now play impona nt 
roles in managing scientific data. Similar xamples <:: xist in many coun tries for 
weather data, remo tc- ens ing information, and genetic resear h. Intern tional 
efforts are being developed under the auspi es of the United Nations. Despite 
these signs of progress. a great deal of b iogeoch mical data n:main ' broadly dis 
tributed and poorly characterized. The lack of cen tralized data storage and organ
ization limi ts advances in modeling and synthesis and should be a central focu of 
new efforts [or improved informati n management at a national or international 
level. 

Conclusions 

As with many fields of cience, pr grcss in the study 0 element interactions has 
oft n invo lved an interplay between technological advancements, which rov ide 
new informati n on poorly understood proce es, and con eptual breakthrough~, 

which give us ne p rspe rives on the systems we stud alld place new empha is 
on the need for additional measurements. In this chapter we have h ighlighted sev
eral recent examples of this interaction and have sugge ted areas in wh ich present 
knowledge is constrained by data availability. concep tual understand ing, or a mis
match between the rwo. 

The status of curr n cosystem models ill ustrates some of the lim itations in 
our presenl state of knowledge. Despite the well-known role of mllltiple element 
interactions in number of biogeoch m ical proces es, few ecosystem models 

explici tly include interactions beyond those that invol e and C. To a large 
extent, this reflects a lack of basic understanding regard ing (he proce~~es control 
ling multip le element int ractions and the degree to which they can be general 
ized at various spatial o r temporal scales. In other cases model li.mirations arise 
either fro m li mi tations of the underlying paradigms on which they are based 
( .g., whole-s stem optimization r single-element resou rce li mitation) or from a 
fa il ure ro capture processes that act aero S mulriple levels oforgan i~tion (e.g., pop
ulation, community, and ecosy tern) . Finally, models arc frequently limited by a 
shortage of dara available for parameterization or alidation. T his honage stems 
both from the inherent diff! ulties of measuring certain biogeochemical variab les 
and Crom discrepancies berween variables used in models and tho e that can be 
readi ly measured in the fiel d. 

Current gaps in daca availability require additional methodological develop
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distr ibution and , we bel ieve, would add tremendous value to regional to global
scale biogeochemical studies . Ecologists have often taken advantage of the natu
ral variation that occurs along environmental grad ients, and several efforts are 

already underway that could be complemented by the addi tion of element cycli ng 
measurements . T he Interna tional Geosphere-Biosphere Program me (lG Bl') has 
expanded this concept to the global scale with the idea of "transecrs." T hey have 
proposed a global system of about twelve transects, each ofwhich would be thou
sands of kilometers long, spanning major gradients believed to be susceptible to 
human-induced changes and cl imate change. As an example, the Kalaha ri Tran

sect, mostly in Botswana, is one of three proposed transects spanning the precip
itat ion gradient between the humid rrop ics and the subtropical deserrs . Koch et 
a!. (1995) proposed the following set of benefi ts that could be gained from these 

transect effons: 

• T he consequences of fu ture changes could be infe rred fro m patterns cu rrently 

exhibited ~Jong the ex isri ng grad ien t. 
• T hreshold effecrs may be idemified along a continuous enviro nmental grad ient. 
• A mechanism for ex trapolation wo uld be gained that links the site-based work 

of ecologists to tile regio nal scale of cl imatologists and policy makers. 

Final ly, many li mi tations in trying to quantify elemenral interactions exis t 
because of the constraints of time, avai lable labor, and financial resources. Limi

tations in the availabili ty of financial and human reso urces preclude replicating key 

experimen ts across the globe in a way that would match tile existi ng combinations 
of drive rs. No t only are resources scarce and insufficient. bu t they al~o have a 
skewed distri bution, with a large fractio n concentrated in develo ped countries. 
Most developing countries have smal ler gross national products and devo te a 
.,malie r fraction to research and development than developed countries. 

Data Management and Synthesis 

Bes ides collecting new data, we recognize that the sciemific endeavor of under

standing m ultiple element interactions needs to improve the managemem and 
archiving of existing data. Remarkable progress has occurred as a resuJ t of t he sys
tematic analysis and synthesis of data that were collected all over the world with 
different purposes. For example, compi lations of existing data sets have given us 

important new insight into a wide range of wpics, includ ing global patterns of N 
cycling and 15N d iStri butions (Handley et al. 1999), linkages between vegetation 

N status and C uptake (Reich, Walters, and Ellsworth 1997; Green, Erickson, and 
Kruger 2003), plant response to altered CO2 concen trat ions (Medlyn et a!. 
200 1), and regional to global controls on C fIxa tion (Sala et al . 1988) . In many 

cases, it is not justified to co llect new global data sets when reeval uation of exist
ing data is feasible. For m ult iple scienti fi c endeavors, there are examples of 

national-level organiz:uions developed to facilitate the organ ization, srorage, and 

d istribution of data. For biodiversity, national services such as CONABI 
(Comisi6n Nacional de Biodiversidad) in Mexico and others now pby imponan t 
roles in managing scien tific data. Similar examples exist in many cou ntries fo r 
weather data, remote-sensing information, and genetic research. Interna tional 
efforts are being developed under the auspices of the Un ited Nations. Despite 

these signs of progress. a great deal of biogeochemical data remains broad ly dis
tribu ted and poo rl y cha.racterized . The lack of centralized d,Ha storage and organ

ization limits advances in modeling and symhesis and should be a cenrral focus of 
new effort!. for improved information management at a national or international 

level. 

Conclusions 
A\ with many fields of science, progress in the study of element imeractions has 
often involved an imerplay between technological advancements, which provide 
new information on poorly understood processes, and conceprual breakthroughs, 
which give us new perspecti ves on the systems we study and place new emphasi" 
on the need for additional measurements. In this chapter we have highlighted sev

era.l recent exanlplcs of this interact ion and have suggested areas in which present 
knowledge is consuained by data availabili ty, conceptual understanding, or a mis

match between t.he two. 
The ~tatus of current ecosystem models illusuates some of the limi tatiom in 

o ur present state of knowledge. D espi te the well-known role of multiple element 

Interactions in a number of biogeochem ical processes, few ecosystem model ... 
ex:plicitly include inte ractions beyond those that involve N and C. To a la rge 
extent, th is reflects a lack of hasic understanding regarding rhe processes control

ling multiple element in teractions and the degree to wh ich they can be general
ized at various spatial or temporal scales. I n other cases model li m itations arise 
either from limitations of the underlying paradigms on wh ich they are hased 

(e.g., whole-system optimization or single-element resource limitation) or from a 
failure to capture processes [hal act across multiple levels of organization (e.g., pop
ulation, communi ty, and ecosystem). Finally, models are frequently li mi ted by a 

shortage of data available for parameterization or validation. Th is shortage srems 
both from the inherent difficu lties of measuring certain biogeochemical variables 
and from discrepancies between variables used in models and chose thar can he 

readily measured in the field. 
urrent gaps in data availability require additional methodological develop
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ment ill a number of areas, including determ ination of chemical identiry, species 

identiry, and approaches for scali ng existing information through space and ti me. 

Methods for determining chemical idenriry are im ponant because the chem ical 

properties oforganic compounds often infl ue n 'e elemem interactions in ways that 

cannot be inferred from element ratio alone . Similarly, because the forms and 

ratios in wh ich elemenrs are used by organ i ms can vary among species, merhods 

for determ ining species identity are imponant in ~J'Mems where sampling ind i

viduals has historically heen problematic (e.g .• microbial com munities, below

ground plant tissues). Examples of recent technological innovations fhat offer 

prom ise in these areas include the use ofNMR techniques for analyzing the struc

ture and composirion of complex organic compou nds, develop menr of bio re

porters that produce observable responses ro nu rrienc limiration by specific ele

ments, and combined appl ication of flow cyromer-ry, stable isotopes, and DNA 

analysis {'or determining the influence of m icrobial spec ie ' or functional groups. 

T he need to Jevclop methods t'or scaling in formation on element interactions 

stems from the fact that important me han isll1s occur at ~pa[i al scales ranging 

fr m microscopic to global and at temporal scales ranging from seconds to mil 

lennia. For example, relaring m icrobial processes thar affect nutrient dynam ics in 

soils to patterns of armosphere-biosphe r exchange that affect element cycling 

globally requires well-val idated methods by wh ich information can be translared 

from one scale to another. Recent improvements in remore-sensi ng t chni lues 

such as laser altimetry and imagi ng spectroscopy offer great promise in this arena. 

For the, e approaches to explicirly add ress patterns of m ulriple dement interac

tions, however, particularly w i th re pecr to elements that can not be observed 

directly (e,g., those occurring in underl ying soil substrate), they require further 

developmem and integration with other methods. 

Lying beneath all of these indiv idual challenge is the fact thal the disci pline 

of biogeochemistry still has a limited rheoretical basis for wldersranding multiple 

clement interactions. Allhough the importance of ecological sroichiometry as a 
poremial controlling mechanism has been appreciated since Redfi eld's sem inal 

paper on rhe n utrient ratios of plankton in marine ecosystems (Redfield 1958), we 

are also well aware of the many facrors confounding a simple extension o f organ

ism-based ratios [0 global element cycling patterns. We sugges t thar one , rrategy 

for overcom ing rhis h urdle would be to invest in a .~e ri s of coordinated experi

ments in tended r examine the response of individual elemenQ; to changes in the 

pools or fluxes of other elements. The struclu re of these experiments wou ld 

include both in rensive multifactorial manipu lations des igned to elucidate funda

mental mechanisms and parially d istributed studies rhat focus on specitlc inter

actions bu t across broad environmental gradien ts. T he imended outcome of these 

experiments, in combination, would be a series o f m ulr ielemen t response surfaces 
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and a better u nderstand ing of the degree to which element interaclions are c n

trolled by globally general izable parterns ver us local sources of complexity. 
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men[ in a number of areas , including determina tio n of chemical identity, species 

idenrity, and approaches for scaling existing information through space and ti me. 

Methods for determin ing chemical identity are importam because the chem ical 

properties of organ ic compounds often influence e1emem imeraction.s in ways that 

annot be inferred from element ratios alone. Similarly, because the forms an d 

ratios in which elements are used by organisms can vary amo ng species , methods 

for determ ining species identity are important in systems where sam pli ng ind i

viduals has histo rical ly been problematic (e.g., microb ial communities, below

ground pLw t tissues). Examples of recent technological innovations that offer 

promise in these areas include the use ofNMR techniques for analyzing the struc

ture and composition of com plex organic compou nds, development of biore

porrers m at produce observable responses ro nu trient limitation by specific ele

ments, and combined applicario n of How cytometry, stable isotopes, and DNA 

analysis [or determining the influence of microbial species or fun ctional groups. 

The need to develop methods for scali ng information o n element inreractions 

[ems [rom d,e f.1ct mat important mechanisms occu r at spacial scales ranging 

rom microscopic ro global and at temporal scales ranging fro m seconds to m il

lennia. For examplt:, relating microbial processes that affect nutrient dynamics in 

soils to patterns of atmosphere-biosphere exchange that affect elemenr cycli ng 

globally requi res well-validated methods by which in formation can be transla ted 

from one scale to another. Recent improvemcnrs in remote-sensi ng tech niques 

such as laser al ti metry and imaging spectroscopy offer great promise in (his arena. 

For these approaches to explicitly address patterns of m ultiple element interac

tions, however, part icularly w irh respect [Q d ements that cannot be observed 

directly (e.g. , those occurring in underlying soi l subStrate), they require fu r ther 

development and integration w ith o ther meth ods. 

Lyi ng beneath all of these indi vidual challenges is the fact rhat me d isci pl ine 

of biogeochemistry sti ll has a limited theoretical basis for understandi ng multip le 

elernem interactions. Although the importance of ecological stoichiometry as a 

potential controlling m echanism has been appreciated since Redfteld 's seminal 

paper on the nutrient ratios of plankton in marine ecosystems (Redfield 1958), we 

are also well aware of the ma ny factors con founding a sim ple extension of o rgan

ism-based ratios to global elemem cycling patterns . We suggest mat o ne strategy 

for overcoming this hurd le would be ro invest in a series of coordinated experi 

ments in tended ro exanune the response of individual elemems to changes in the 

pools o r tluxes o f other elemen ts. The structure o f these experime nLS would 

include hoth illlensive multifactor ial manipu lations designed to elucidate fun da

m ental mechan isms and spatially Jisrributcd studies that focll s on specific inter
actions b ut across broad environmental grad ients. The intended Outcome of these 

experjmel1ls, in combination, would be a series of multielement response surfaces 
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and a better understanding of the degree (Q w hich element interactions are con

trolled by globally generalizable patterns versus local sources of complcxjty. 
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