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Abstract

Atmospheric nitrogen (N) depositon is arecognised threatto plant diversity in temperateand
northernparts of EuropeandNorth America. This paper assessesvidencefrom field
experimerts for N depaition effectsandthresholdsfor terrestrial plant diversity protecion
acrossa latitudinal rarge of main categorief ecoystems, from Arctic andboreal systems to
tropical forests.Current thinking on the mechanisms of N deposition effects on plant diversity,
the global distribuion of G200ecoregionsandcurrentandfuture (2030) estimatesof
atmospheric N deposition rate arethen usedto idertify therisks to plantdiversty in all major

ecosystem typesnow andin the future.

This synthesis paper clearly showsthatN accumulation is the main driver of changes to species
composiion acrosshe whole range of different ecosystem typesby driving the compettive
interadions that lead to compasition change and/or making conditions unfavorable for soem
speces. Other effects such asdirecttoxicity of nitrogengasesandaerosolsjongterm negative
effectsof increasedammonium andammonia availability, soil medated effects of acidification
andsecomary stressand disturbance are more ecaystemand site spedfic and often play a
supoorting role. N deposition effeds in Mediterraneanecoystems have now beenidentified,
leading to afirst estimate of an effectthrestold. Importantly, ecoystems thoughtof asnot N
limited, suchastropical andsub-tropical systems, may be more vulnerable in the regeneration
phasejn stuationswhereheerogeneity in N avail ability is reduced by atmospheric N

deposition,on sandysoils or in the montane areas.

Critical loadsare effectthresholdsor N depostion andthe critical appioach concept has
helped EuropeanGovemments make progressowardsreducingN loadson sensitve
ecosystems. More needsto be done in Europeand North America eecialy for themore

sersitive ecosystamns types, including severd ecoystams of high corservational importance.
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Theresults of this assesment showthatthe vulnerable regions outside EuropeandN America,
which have not receved enoughattenton, are ecmregons in easternandsouthern Asia (China,
India), animportant part of the Mediterraneanecoregon (California, southernEurope)andin
the coming dedes several subtropicalandtropical parts of Latin America andAfrica.
Reductions in plant diversity by increasedatmospheric N deposition may be more widespread
thanfir st thought andmore targetedstudiesare required in low background areasgespecially in

the G200ecoregions.

Key words: Nitrogen depasition, species richness, diversity, critical loads, terr estrial,

Arctic-alpine, boreal, temperate, Mediterranean, tropical, ecoregiors.
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1. Introduction

Nitrogen(N) is an essantial plant nutrient and many terrestrial ecosystems areadapted to
condtions of low N availabili ty, a situaion that often leadsto plant communiieswith high
speces diversity (Bobbink etal. 1998). At theglobal scale, currentN emissionscenaios
project most regionshaving increased ratesof atmospheric N depo#tion in 2030 (Dentener et
al. 2006)which is caushg concernabout significant impads on global plant biodiversity
(Vitouseketal. 1997, Salaetd. 2000, Phoenixetal. 2006).

The N cycling in ecogystems is originally derivedfrom three main sourcesbiological N
fixation (BNF), mineraization andatmosgheric deposition.Thefirst represets the
introductionof newreacive N (Nr) into the system, the second is corversionof organicNr to
inorganicNr within the systam, andthethird is the transer of Nr from one systemto another.
Theterm readive N (Nr) as usedin this paper includesall biologically active,chemically
readive, and radiatively active N compoundsin the aimosphere and biogphereof the Earth.
ThusNr includesinorganic reduaed forms of N (e.g. NH3, NH,4"), inorganicoxidized forms
(e.g.NOy, HNO3, N,O, NO3), andorganiccompounds (e.g.,urea,amines, proteins),in
contrast to unreactive N2 gas.In the natural world beforethe agricultural andindustrial
revolutions,atmospkheric depositionwasa relatively unimportant source. In the current world,
atmospheic depositionis not only animportant source but it canalsobe the dominant source
(Galloway et al. 2008). The mgjor factorthat drives the changesin the globa N cycle isthe
increasedNr creationratedue to human demands for food and energy. AnthropogenicNr can
be emitted to the atmosphere asNOy, NH3 andorganicN (Dentener eta. 2006, Neff etal.
2002,Galloway etal. 2004). Major NOy sources are combustion of fossil fuels and biomass;
major NHz sourcesareenissions from fertili zer andmanure; major organic N sourcesare more
uncetain but include both natual and anthropgenic sourcesin aworld without humans,

terrestrial Nr creationwas entirely by natura procesgs (BNF andlightning). By 1860, natual
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proceses still dominated (~120Tg N yr™) becuse anthropogenic proceses werestill small
(~16TgN yr'l), almost entirdy from cultivationinduced BNF (Galloway et al. 2004).By

2005, natual processesiad diminished due to land usechange, andanthropogenicprocesses
hadincreasedby over anorder of magnitude to ~210Tg N yr (Galoway et al. 2008).

With the exception of N»,O, all of the Nr emitted to the atmosphere is depsted totheEar t h 6 s
surfacefollowing transport throughthe atmosghere. Atmospheric N trangport ranges in scale

from tens to thousandof kilometers. The subsegent deposition often represents the

introductionof biologically active N to N-limited ecosystems (both terrestral and marine) that

have nointernal sourcesof anthromgenic N (Phoenix etal. 2006, Duce etal. 2008). This sets

that stage for multiple impactson the biodiversity of thereceivingecoystems.

With the increase in N deposition over the last 50 years, plant communitiesin wide parts of
EuropeandNorth America may have shiftedtowards compositionstypica of high(er) N
availability (e.g.Bobbink etal. 1998). This shift has often beenassotatedwith changesand
lossin diversity of plant speciesand assodations, paricularly in regons with high N
deposition.International concernover these impacts led to the development of effect thresholds
(or critical loads)for N deposition(Nilssonand Grennfelt1988, Hettelingh et al. 2001, UBA
2004).Researclover the last2/3 decads in Europeand North America, that has alsofed into
the developmert of critical loads, has shownthat the severity of the effects of air-borneN
depositiondepends on: (1) the duraion, the total amount andthe N form of theinputs, (2) the
intrinsic sengtivity of the (plant) spedes present and (3) the abidic corditionsin the
ecosystem. Acid neutralising capacity (ANC), soil nutrient availability, andother soil factors,
which influence the nitrification potential andN immobilisaion rate are of paricular
importance. Thelasttwo items (2 & 3) can be influenced by both pastandpreset land useand

by management. As acongquence, high varidion in sensitivty to N deposition hasbeen



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Bobbink et al.

observedbetweendifferent ecoystems. Despitethis diversesegquence of events,the following
main effeds fimedianianso can be recognised (Fig. 1):

(a) Direct toxicity of nitrogen gasesand aerosolsto individual species(e.g. Pearson&
Stewart 1993). High air concentrations havean adverseeffect on the above-ground
plant parts (physiology, growth) of individual plants.Such effectsareonly importantat
high air concentrations nearlarge point sources;

(b) Accumulatbon of N compound, resulting in higher N availabilities and changes of plant
spedesinteractions (e.g.Bobbink eta. 1998). This ultimately leadsto charges in
speciescomposition, plantdiversity andN cycling. This effed chain can be highly
influenced by other soil factors,suchas P limitation;

(c) Longterm negative effectof reducedN (anmonia and ammanium) (e.g.Roelofset dl.
1996; Kleijn etal. 2008).Increased ammonium availability canbe toxic to sersitive
plant speciesgspecially in habitatswith nitrate asthe dominant N form andoriginally
hardly any ammonium. It causesvery poor root andshootdevelopment, especiallyin
sendiive speciesfrom weakly bufferedhabitats (pH 4.5- 6.5);

(d) Soil-mediated effectsof acidifi cation (e.g.Van Breemen et al. 1982; Ulrich 1983,1991
De Vries etd. 2003). This long-term processalsocaused by inputs of N compounds,
leadsto alower soil pH, increased leachingof basecaions, increasedconcentraions of
potentially toxic metals (e.g.Al*"), adecreasén nitrification andanacamulation of
litter,;

(e) Increasedsugeptibility to secondary stressand disturbancefactors (e.g. Bobbink et al.
2003). Theresistance to plant pathogensandinsectpestscanbe lowered becausef
lower vitality of theindividuals asa corsequence of N depostion impacts, whereas
increased N cortents of plants can alsoresult in increaed herbivory. Furthemore, N-

relatedchangesin plant physiology, biomassallocaion (root/shootratios) and
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mycorrhizal infection canaso infl uence the suscepitbili ty of plant speciesto droughtor

frost.

In generd, the potential risk of globalimpads of N enrichmert on biodiversity havebeen
recoquised (e.g. Salaet a. 2000; Phoenixet al. 2006), but therehasbeenno atiempt to compile
the evidence acrass major global biomes of the effectsof N depositon on plant diversity. The
key aim of this pgper is to provide such a synthesis.

This paper aims to:

a. degribe the effect chains of N which affect plant diversty of major ecoystem types
aroundthe globe, going from high to low latitudes (Arctic T boreali temperatei
Mediterranean andarid zonesi subtropicalandtropical systams), focusing on
quantitative doseeffect studies(section2);

b. reviewthe main mechanisms for impactsof N depositionon plant diversity from the
available experimenrtal evidence (sedion 3);

c. summarize the use andlimitations of critical load approabes for N depositionapplied
in Europeand prospectdor their applicaion in other partsof theworld (section 4).

d. highlight the (increasing) atmospheic depositionof N acrossthe globe andidentify the
areasandecasystems aroundthe globe now andin the future thatarerecewing or likely
to receive enhanced N loads(sedion 5).

Findly, the available information is synthesizd in anassessnent of the prospets for further

plant diversity lossin the concluding remarks (sedion 6).

2. Effects of N deposition on plant diversity in ecosystentypesaround the globe: an

overview



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Bobbink et al.

In this sedion we systematically describethe effeds of N deposition on plantdiversity in eight
major global ecosystem types,focusingon vasalar plants. Whenever available, we aso
descibe effects on bryophytes, lichens,mossesandepiptytic species asthesetend to be the
more sensitive elements of ecoystems to N impacts.First an overview is given of the
characeristics of each ecosystem, sometimes induding a generd overview of potential N
depositionimpads. We theninclude anoverview of N effects,mainly basedon N addition
experimens andsametimes also induding circumstantial field evidence.The important data of
theincluded studesare givenin asumnarizing table (see Technical Annexe 1), except for the
well-known data for Europeanemperatesystans (seeBobbink etal. 2003for details). Each

subsectiorcondudes by presating athreshad for N depostion damage wherever possible.

2.1 Arctic and Alpine ecosysems

Characteristics

Planthabitatsin arctic and alpine ecosystems includetunda (including polar deserts)arctic
and(sub)apine scrubsand (sub)alpinegrasslands. Plant growth in all thesehabitats is
restricted by shortgrowing seasns, cold temperatures, frequentandstrong winds and low
nutrient supply. The distribution of plant communities in the landscape is dependent on the
distribution of snowduring winter and spring. Most alpine and all ardic soils areinfluenced by
frost acivity or solifluction. Currentloadsof atmosphericN depositionto arctic eccsystems are
very low (< 2-3 kg N ha® yr'%). N depostion to (sub)alpine ecogstems in centralEuropeis

sometimes consderable higher (107 20kg N ha™ yr™).

Effeds on tundra
Thekey featurewhich distinguishestundrais the presace of permafrod, which preventsroot
penetration and often keepsthe ground waterloggedn summer. There have beenseveralfield

maripulaion studes with nutiients in tundraeasystems; however, most have involved NPK
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fertilizer additions (e.g.Robinsonet al. 1998, Press etal. 1998, Schmidt etal. 2000) or single
large applicationsof N (e.g.Henry et a. 1986, Shaver and Chapin1995),which makes it

diffi cult to usethe results for making predictions of plant community responseso amual low
N additions.Thefew available studies with annual N additi ons to tundraecosystems have
demonstraed increased cover of vascularplants anddeaeasedcoverof bryophytes andlichens
(Baddeley etd. 1994, Gordon et al. 2001, Nilssonetal. 202, SoudziovskaiaandOnipchenko
2005, Soudziovskaia eta. 2006). For polar desets with large areasof bare ground, Madanet
al. (2007)demonstratedthatN addtion (50 and 5 kg N ha* yr?) in combinationwith P
addtion, strongly increasedvasaillar plant cover. From sole N addiion the effectswereless
pronouncedbut still detectable. For tundrahabitatsandfor polar desertsit hasbeen
demonstrded that P availability often restricts the resporges to N, i.e. plantgrowth is co-

limited by N andP (Gordoneta. 2001, Saudzil ovskaiaet al. 2005,Madanet a. 2007).

Effeds on alpine and subalpine scrubhahitats( A heat hs o)

Also in sciub habitatsit has been demondratedthat bottom-layer bryophytes andlichensare
sersitive to anrual N additions. N addition (10 and40 kg ha' yr) to a Racomitium
lanuginosim-Carex bigelowii heath in the Scottishhighlandsdemondratedthat R.
lanuginosim coverwasreducedby asmuch as31 % by thelow N addition, while graminoid
cover increasedby 57% (Peace andVan der Wal 2002).Alsofor otheralpine heath
ecosystems in Scotbnd andNorway it hasbeenfound thatlichensare the functional type most
sersitive to N addition, while vascular plantsdo not showmuch resporse (Fremstad et al.

2005, Britton andFisher2007).

Effeds on alpine grassiknds
Alpine grasslandsre well known for their high diversity of vasaular plant species. It has been

demonstraed thatN addition (20, 40 and60 kg N ha' yr?) to an alpine grasslandin Colorado

10
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did not significantly changespeciesichness of the vegetaton althoughit increasedthe
Shannonndex of diversity (Bowman etal. 2006). The study showed that sedges benefited
more from N addiion thangrases andforbs and thatthe speciesunresponsiveto N did not
decline,but maintained their productivity (Bowman eta. 2006). In the Eurgoean Alps N
addtion (>10 kg N ha yr%) increased total plant biomass,particularly the biomassof sedges
(Bassn etal. 2007). Kérner (2003)suggested that for alpine grassandsthe unlimited supply of
light allows N favoredspecies to increase their productivity, without a concomitant decrease of

speces notfavouredby N additions.

Thresholdgor nitrogen deposition impacts

In concluson, for arcticandalpine ecoystems it appearsthat lichens andbryophytes arethe
most sen#tive spedesto increased N inputs. Several studies report lichen andbryophyte
decline.Very few experimerts have added N dosessmaller than 10 kg N ha* yr?, but at this
level of N input significant plant biomassincrease have beenrepored from grassland
ecosystems. Studies in the harshest habitats (polar deserts and arctic heaths) have demonstrated
thatplant growthis co-limited by N andP. The evidence |eads to an effect threstold for

nitrogen deposition betweens i 15kg N ha™ yr, depending of the studied ecosystem.

2.2Boreal forest

Characteristics

Borealforests are the largest forestzone of the global vegetation types.Plant growth in boreal
ecosystems is restrictedby short growing seasons, cold temperatures, andlow nutrientsuppy.
Currentloads of N deposition to boreal regionsin northern Europe arerelatively low (generaly
<6kg N ha' yr!). Thereis evidence that even this relatively low N deposiion rate hasthe

potential to changeplant speciescomposition, diversity andecasystem functioning.

11
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In many borealecaystems, bryophytes consttute animportant botom-layer component.
Bryophytesefficiently retain N added by wet and dry deposition andarethereforeconsidered
to be highly sensiive to airborneN pollutants (Lamersetal. 2000, Turetky 2003). Bryophyte
responses$o N addiion are species specific andin borealforestsdominant specieslike
Hylocomiumsplendens, startto decline at N input ratesof > 10kg kg N ha' yr* (Hallingback
1992, Makipaa 1995,Makipad andHeikkinen 2003), while speces normally inhabiting more
nutrient-rich habitats li ke Brachythecium spp.and Plagiothecium spp.,increase (Strengbom et
al. 2001).For vascular plantspecies,N additionresults in proliferation of relatively fast-
growing gramnoids, sedges andherbs at the expenseof the more slow growing dwarf-shrubs
(Strenglom et al. 202, Nordin etal. 2005).Bobbink (2004) demonstratedthatN addition to
borealforest does not influence speces richness but causegirasticshifts in species

composiion of theunderdorey vegetation.

Studiesof N effects on boreal ecoystem function have revealedseveral mechanisms medating
N inducedvegetation change. For exanple, in boreal spruceforest, damage to the dominant
understoreydwarf-shrub Vaccinium myrtillus from pathogens increasedin respmseto
experimental N additions (Nordin et al. 1998, Strengbom et al. 2002,Nordin et al. 2006). A
similar patternexiged underanatura gradent of N depositon as pahogen damage to the
shrubbecame more frequentin areaswhereN deposition exceeded ca. 6 kg N ha yr
(Strenglom et al. 2003). Pathogerdamage to V. myrtillus occursin well-defined patchesof the
shrubcanopy. In suchpathes the shrubsbe@me leaf-less early in the growing-seasonand
more fastgrowing competing plants (mainly the graminoid Deschampsialexuosa proliferate
from the increased\ supplyin combination with theincreased light availability (Strenglom et

a. 2002, Strengbom etal. 2004).

12
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Therelaive supply of reducedandoxidized N is anoter factor with potentid to influence
plant speciedistribution. In borealsois slow N mineralization rates resut in the dissolvedN
pool directly available for plant uptake being dominatedby organic N forms (like amino acids)
and/orNH;" while NOs™ hardly occurs(Nordin etal. 2001,2004, Jonesand Kielland 2002).
Airborne N deposied over theseecoystems corsists of more or lessequd portions of NH,"
andNOgs, and in coadal areas NOs™ caneven be thedominant N form. Various borealtree
speces, aswell as many dwarf-shrubs andhetbs, haveonly limited capadiy to utilize NO5’
(Chapinetal. 1993,Kronzaucker etal. 1997,Nordin etal. 2001, 2004).In contrast, plant
speces adapted to N-rich halitats, often exhibit high capacitiego takeup NO 3, but only
limited capecity to take up organic N (Bowman and Stdtzer 1998, Nordin et al. 2001, 2006).
Although many effects of N depdaition to ecosystems canbe relatedto the quantity of N
deposted, it seems important to recognize that alsothe chemical form of the deposited N may

influence the ecoystemregonseto N depostion.

Thresholdgor nitrogen deposition impacts

We conduded thatincreasedN inputs canconsterably affectthe understoey vegetationof
borealforests.Longterm N fertilization experiments clearly shaved changesin species
composiion, but no declinein overall species richness.Changesin biotic interadions
(increased pathogen damage to plarts) have been obsewed at N depositionratesof 6 kg N ha
yrl. It is clearthat bryophyte, lichen anddwarf-shrubspeciesall aresensitive to increased\
inputs, leading to an effect threstold of 5-10 kg N ha* yr?, althoughtheratio of NO3 to NH, in

depositionmay charge thethresod andnature of effects.

2.3 Temper ate forests

Characteristics

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Bobbink et al.

Inputsof atmospheric N to woodlandsoften exceedthat to low vegetation from the filtering
effectof the canopy. Tall, aerogynamically roughsurfaes efficiently capturepollutant gases,
aerosols,and cloud droplets containing Nr compounds. IncreasedN inputs of 167 48%
(Fowler etal. 1999)canbefurther enhancedin high dtitude forestsfrom orographiceffects
(Doreetal. 1992). Gilliam andAdams (1996) foundwet N deposiion to be 50% higherat 750
m than at 500 m in easternUS hardwoodforests. Thus, high altitude forestsareat particular
risk from the impactsof N depositon. This section focuseson evidence of N effectson species
diversty andcompaosition of herbaeous (field) layer andepiphytic communiti es basedon
evidence from field experiments andsunweys. Recentreviews on this canbe foundin Gilliam

(2006,2007), De Vries etd. (2007),Bobbink et al. (2003), and Emmett (2007).

Experimental Evidence of Effeds on the Herbaceous Layer

Themog diverse vegetaion stratum of temperate forests is the herbaceas layer (Gilliam
2007).ExcessN candecreasdorestbiodiversity by redudéng herb layer richness (Bobbink et
a. 1998, Gilliam andRoberts2003). Gilliam (2006) identified general paternsof this
responseinitial increasedn cover, decreags in richnessfrom loss of N-efficient species,
decreasesn spedesevennessfrom increasing dominance of few nitrophilic species,andlossof
biodiversity from decreasesn richnessandevemess. Gilliam (2006)devdoped a conceptual
model to explain this decline: (1) alteraton of inter-specfic competition giving a competitive
advantage to nitrophilic species(Price andMorgan 2007),(2) increased herbivory on sensitive
speces by increafng foliar qudity anddecreasig secondary defence compounds (Throop &
Lerdau 2004), (3) decreasedrequency of mycorrhizal infection (decreasingsuwivorship of
mycorrhizaedepement species) (Lilleskov & Bruns2001, Read & PerezMoreno 2003),(4)
increaseddiseasgMitchell etal. 2003), and (5) increasednvasive species(Luken 2003,
Casidy etal. 2004,Ehrentld 2004). A recent hypothesisd the N homogeneity hypothesis

(Gilliam 2006)0 predicts dedinesin biodiversity of impaded forests from excess N deposition

14
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thatdeaeasesnaturally high spatialheterogenaty in soil N availablity (Hutchingsetal. 2003,

Small & McCarthy 2003)that maintains high species diversity of the herbaceousayer.

SeveralUS studieshave examined the resporse of the herbaceoudayer to experimental
addtions of N to determine effects of N on species composiion and diversity of the herblayer,
aswell aseffectson nutrient uptake. Salientdetails of thesestudiesare summaized in

TechnicalAnnexe 1.

N hasbeenadded to anentirewatershedat the Fernow Experimental Forest(FEF), West
Virginia, since 1989. Foliar andysis of acommon herblayer spedes, Viola rotundifolia,
revealed higher N in the treatment versuscontrol watershed, acaompanied by lower Caand
Mg, in respnseto 4-yr of treatment, suggesng thatN addiionsincreasedN availability and
decreasedCa’* andMg?* availability to herb layer spedes(Gilliam & Adams, 1996).

Hurd et al. (1998)addedN atthree hardwood sitesin the AdirondackMountains,New Y ork,
finding that cover of dominant herbaceousspecies dedined significartly afterthree yearsof
treament, partly from increasedshading by fern species. This responsewas more pronounced
atthe site with lower ambient inputs of atmospheric N.

Theimpads of 7-yrs N addiion to the forestfloor of red pine standswere studied in the
HarvardForest,Massadhusetts (Rainey etal. 1999). N concentréons in the dominant species
weresignificantly higherin treamment plots, whereascationconcentratios were generally
lower, supporing the conclusionsof Gilliam etal. (1996). Dendty andbiomassdeclined 80%
and~90%, respetvely, for al herblayer speciesparticularly notable wasthe dominant
speces, Maianthemuncaradense.

In contrastto the lasttwo studies,Gilliam etal. (2006) concludedthat 6 yr of N addiionsto an
Appaladian hardvood forestproducedno signifi cant effeds onthe herb layer. Gilliam etal.

(2006) suggestedthat the lack of observedesponsewas the consegence of high ambient
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levels of N deposition(wet only, 10kg N ha* yr!). Schlepi etal. (1999)asoreportedno
significantcharge in herb layer coveror composition after3 yr addtion of 30 kg N ha' yr to

asprucefir forestin Switzerland,in anareawith high ambient depgition.

Evidence from national monitoring and field surveys

Evidence of species change, especialy in Europe,is alsoavailable from national and regional
surweys andmonitoring programmes, but N effects are often confoundedwith other
disturbances. Kirby etal. (2005) found decreses in speciegichness in British woodlands from
19712001 (excluding staom-damaged sites)and increasesn coverof some nitrophilous
species, but also identified other factors (e.g. canopy growth, management methods, climate

change) alsoimpeacting ground flora.

Reent increass in nitrophilic speciesin forest herb layers from increaed ratesof N
depositionhave beenrecordedthroughout Europe(Bobbink et al. 2003). These include studies
shaving more nitrophil ous speciesn Dutch forests with deposition > 40 kg ha yr (Dirkse &
van Dobben 1989), increasesn nitrophilous speciesin German fir/spruceand Scotspine forest
with depositon of 15-30 kg ha* yr* (Kraft et al. 2000), decresedfrequency of many species
andincreasedrequencyof nitrophilous speciesin the centa plateauof Switzerlandwith
depositionof 30-40 kg ha* yr* (Walther & Grundmann 2001), andanincrease in nitrophilous
speces in deciduousforestsof easterrFrancewith depositon of 20-30 kg ha* yr* (Thimonier
etal. 1992,1994). Although otherfadors (e.g. management practices)may alter species
compasition, these studies together provide strang, consstent evidence that N deposition

significartly impacts European temperate foress.

Gradient studies from point sourceqe.g., intensive arimal houses)provide clearevidence of

the effects of atmospheric NH3 concentations, supporting interpretations of broaderscalefield
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studies.Pitcarn etal. (1998)repored increasesn nitrophilous speces (Holcuslanatus, Rubus
idaeus Urtica dioica) closeto livestockunits, identifying athreshold of 15-20 kg N ha* yr*

for significant spedeschange.

Most detailedstudies of responseof herb layer compostion to modeate N depositon have
beenin oak forests of southern Sweden(depositionof 7-20 kg N ha' yr'%). Brunetet al. (1998)
repored an increasen nitrophilous, acidtolerant speciesat sites with higher levelsof N
depositionover a 10-yr period.FalkenGrerup & Diekmam (2003)idenified important
interadions with sal pH, with nitrophilous speciesincreasng especiallyin the pH range3.5

5.0 where total number of speciesvas 20% lower at sites with higherratesof N depostion.

Effeds on epiphyticspecies

Epiphytes are among the more sensitive woodland speciesNegative effectsare often
as®ciatedwith high N concentréions in wet and dry deposition(e.g., Peace andVan der Wal
2008).In areasof high NHz concentrations, effects medatedthrough changes in bark

chemistry have increasechitrophytic speciesand eliminatedacidoptytic species.

In the epiphyte-rich Atlantic oakwoodsof the UK, Mitchell etal. (2003)found large variation
in speciescomposition over depaition of 10-50 kg N ha! yr’. Several sensitive species (e.g.,
Lobaria pulmonaia) wereonly found at sites with deposiion rates> 20 kg N ha' yr™.
Transplantexpeiments between areasof low and high N depositon (12 and54 kg N ha™ yr?,
respectively) demonstatedcharges in species vitality andcover consistentwith thefield
suneys. Effectsassaciated with transplant to areas of redwed N deposiion wereslower than
thoseassociagd with transplat to areasof increased\ depaition, suggesing longer duration

for recoverythan for initial impacts of N deposition(Mitchell etal. 2004).
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Thresholdgor nitrogen deposition impacts

Effects of current andfuture N deposiion on temperate forestbiodiversity arediffi cult to
quantfy because(1) experimental N addiion ratesareoften > 50kg N ha* yr?, (2)
backgroundN deposition at sites canbe high, and(3) biodiversity lossmay already have
occurred. Available evidence suggeststhat the thresiold for N depogtion effectson
understoreybiodiversity is < 20 kg ha* yr, and may beaslow as 10-15 kg ha* yr for
sersitive communities. In the Adirondack Mountans, Hurd et al. (1998) reportedsignificant
declinesin coverof dominant herbaceousunderstoey species after only 3 yearsof N additions
aslow as14 kg ha™ yr*. N deposition at Huntington Forest, the site wherefoliar N responses
weregreatestwas reporedly 7-10 kg ha yr?, thusgiving atotal N input of ca.20 kg ha* yr
in the lowest N treamernt (Hurd etal. 1998; Lovett andLindberg 1993).Pitcairnetal. (1998)
shaved a threshold of 15-20 kg ha yr?, wheress field surveys in moderate deposiion areasof

Europesuggest threshold for charges in speciescomposiion in the range 10-15 kg ha* yr™.

An important impli cation of thesethresholdsis that many EuropeanandNorth American
forestshave probablyalreadyexperieced significant lossof species diversity andchangesn
speces composition. Hence,asidentified by Gilliam (2006), understoreycommunities will
respondmost rapidly to furtherincreasesn N deposition in areaswith low levels of ambient
deposition.Forfield layer andepiphytic communities in speciesdepleted areas,a key unknown

is iffhow diversity can be increased onceN depositon ratesdecline.

2.4 Temperate non-forest ecosystems

A consderable part of the biodiversity of the temperate zone of Europe and North Americais
preseat in semi-naturalecoystans. Herewe restrict our discussiornto two major groups,
namely dwarf-shrub vegetation(heahlands) and spesiesrich graslands. Most of these, and

other,systams of high conservatiorvalue originated under long-term low intersity agricultural
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maragemen andoccur on oligotrophic to mesotrophic soil conditions. Becatse of this low
nutrient status,many temperate semi-natual ecosystems canbe sersitive to eutrophicationby

erhancedN inputs,while in wedly buffered systems, addification can alsobe importart.

2.4.1Characteristics

Theterm heathis usedfor communities where the dominant life form is small-leaved dwarf-
shribs (mostly Callunavulgaris andErica spp),forming a cangy of 1 m or lessabove soll
surface.Grases andforbs may form discontinuous strata,and frequertly agroundlayer of
mosses or lichensis present. In sub-Atlantic parts of Eurgoe heathsarecertainly man-made,
semi-natural ecosystems, which needmanagement to corserve their typical diversity.
Heathlandsare found on nutrient-poor mineral soils with alow pH (3.5-4.5). Despite
consevation efforts, many lowland heathsn WesternEuropehave becme dominated by grass

speces overthe past 20-50 years.

Semi-naural graslandswith traditional agiicultural usehave longbeenanimportant part of
thelandscape in temperate Eurgoe. Natural temperate graslands (steppeor prairie) with no
natua treegrowth becausef climatic constrants are very rarein Europebut do occur in
North America. Semi-natural speciesrich grassandsaregeneraly nutrient-poor, with a history
of low inputscombined with nutrient removal by grazingor hay making; and hence canbe
affectedby increasd atmospheric N inputs.Moreover,some of the most speciesich
grassandsoccur under wegly buffered or almost neutral conditions, which make them

sersitive to acidification andvery sensitive to negative impacts of ammonium acaimulation.

2.4.2.Effectson heatlands
Although charges from traditional management practicesmay be partly respnsible, thereis a

wide range of evidencethatincreased N depositionhascontributed to the declineof dwarf
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shrub dominated heath in Europe.However, early competition experimerts in the Netherlands
showved a significant effect of N addition on competition betweenC. vulgaris and grass spedes
only in young heathsof low stature andcover (e.g.Heil andBruggink 1987, Aerts etal. 1990).
Sincethen, a combination of mesocoan, field andmodelling studies hasmade it clearthat
effectsof increasedN deposition canonly be explained aspart of aninteractingsequence of
eventsat different time scaes, rather than by a simple charge in compettive strength (seeFig.

1).

Firstly, increagd N avalability stimulates biomass andlitter producton of the dominant dwarf
shrubin most situations(e.g.Heil and Diemont 1983; Aerts andHeil 1993, Power etal. 1995,
Bobbink etal. 1998: Marcos etal. 2003), althowgh some inland dry hedhs are limited by P or

K (e.g.Nidsenetal. 2000). Nitrogenis strongly retainedin the system, asammonium
immobilization in the soil is high andleachinglosses are very low (e.g.De Boer 1989,
Berendsel990, Power et d. 1998, KristensenandMcCarty 1999, Nielsenetal. 2000). The
increase in N cortent stimulates microbial adivity andleadsto higher N mineralization rates
(Berendsel990, Power et al. 1998). However, the dwarf shrubspecies remains a stronger
competitor thangrassesdf the canopy is not opened(Aertsetal. 1990; Aerts 1993). The shift
from dwarf shrubto grassdominance needsto be triggered by openingof the canopy, for
example by heaher beete attackswinter injury or droucht, which in turnis morelikely when
N concentationsin the plants are higher(Bobbink & Lamers, 2002). Grasseshenquickly
profit from theincreased light intersity, togetherwith the high N availability, andthis may lead
within afew years to anincreasen grasscover and declinein dwarf shrubs(e.g.Heil and
Diemont 1983). The stochastic andlong-term nature of several of the key interactingprocesses
make it difficult to clarify experimertally all the relationships evenin long-term studies.

Therefore, computer models have provided an important tool to demondrate the importance of
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N depdition actingover decales with secomlary stresesandunderdifferent managemen

regimes (e.g. Heil andBobbink 1993, Terry et al., 2004).

Thereis evidence that typicd heatHand lichen and mossspecies can be negatively affected by
N depdgition beforea shift from dwarf shrubsto grassesoccurs(e.g. Cladonia spp; Parmelia
(Barker2001); Hypnumspp.(Lee and Caporn2001); Cladmnia spp.(Tomassenetal. 2004)).
These declinesare unlikely to be caused by the directtoxic effectsof N, but probablyaredue
to increasedshading throughthe greatr canopydensity of heatherThis hasbeenconfirmed by

experimental removal of the shaots, which caugd rapid recovery of thelichens(Barker2001).

2.4.3.Effectson grassands

Theimpads of N enrichmert on speciescompasition anddiversity arerelatively well studied
experimentally in Eurgpean speciesich graslands (Bobbink et al. 2003). Bobbink (2004)
analysed the effeds of N depositionon plant species richnessin semi-natural grasslad using
Europearfield addition experiments with N addtion treatments for atleast 2 years.The
experiments in this synthesisincluded both dry andwet gras$andsanda range of soil pHs
(acidi calcareous)in six countries acrossEurope. A significant negdive relationship between
speces richnessandN additionwasfound for these temperate,semi-natural grassénds (Fig.
2), andtherewas a steepreduction of ca.40 % of the speces richnessocaurring over the
addtion range 0-40 kg N ha* yr. Thelossof species characteristic of a paricular ecosystem
may be higher thanindicated by overall species richness, becaise some fastgrowing species

(especiallygraminoids) invaded in high N treatmentsandwere not present in the contols.

These findings areconsistent with the resultsof long-term studies in North America, in which a
rangeof rates of N depostion (1071 95 kg N ha' yr') over atotal of 23 yearsto threeold fields

on former prairie rangelandand one natua prairie vegetaton, in anareawith abadkground
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depositionestimated to be 6 kg N ha™ yr'. Recentanalysis by Clark and Tilman (2008),and
earlier analysis of onefield by Haddad et al. (2000) highlight that the greaest lossof plant
speces numbersoccurredover lower additionrates, in the range 10-50 kg N ha* yr* . The
time required to detectconsistentand significantredictions in spedesnumbersvaried from
threeto nine years, dependingon the N additionrate; thus, given sufficient time, relaively low
N depgition inputscansignificantly impact plant speces biodiversity. Clark and Tilman
(2008) highlight that the effects was greatet on rare species, because of their lower initial
aburdance. A greatereffectof N deposition on rarethan common speces of heathlad and
acidic grassand specieswasadso identified in field studies in the Netherlandsby Kleijn etal.

(2008),andattributed to their narrover ecolaical amplitude.

Onepraoblem with interpreation of these field expermerts is thatspeciesnay aready have
beenlost in areas where ambient N loads exceed 20 kg N ha* yr. Expeimerts in which N
loadisreducedbelow ambient levels arerare but canprovide usefulinformation on such
effects.For example, the cover of the mossspecies Racomitrium in acid grassland increaseds-
4 times after redudion to pre-industrial loads(2-3 N ha™* yr) from anambient-load of 20 kg N
ha' yr! (Jonesetal. 2002, Emmett 2007). This suggestghatthis speciesmay areadyhave
beenaffected by historical N depostion andstresses the importance of studies in low N input

areas

Suchinformation is relevantto the interpretationof field studiesin which speces composition
of grassand ecasystems is comparedacrossa gradient of N deposition.Stevenset al. (2004)
repored a UK-wide surveyof addic grassandsacrossagradient of N deposition from 5 to 35
kg N ha' yr! and found thatthe plant speciesichnessin a2 x 2 m plot declined asa function
of therateof inorganicN depositon. This wasmore strongly relatedto reduced N depostion

thanoxidised N (Stevans et al. 2006). Stevenseta. (2004) estimated areducion of onespedes
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for every2.5 kg N ha* yr* of N deposition, but alsoidentify thatthis may be dueto long-term

cumulative depasition of N overdecales, rather than current depostion.

Relativdy few experimental studies grassbnd responsesiave consteredthe underying
mechanisms. Thereallts of the studyof Clark and Tilman (2008) can be attributed to
eutrophicationeffects of N inputs,becuseacidification wasprevented by liming, andaddtion
of othernutrients, including P, precudedthembewmming limiting. However,Horswill etal.
(2008)idenify theimportance of acidification and basecation depldion in respmsesto N
depositionin experiments on both anacidic and calcareougrasslandwhile arecentmeta-
analysis of North Americanfield expeiiments (Clark etal., 2007) suggets that species lossis
lessmarked on siteswith higherpH andcaion exchangecapacity. Both Bobbink (1991)and
Phoenixetal. (2003) demonstratedincreased® demandsin speciesof diff erent functional
groupsin responseto N addition to calareousgrasslanddimited by P or N andP together.
This suggests that such responsesre important adaptationgo increased N depositon and
cruda for thelong-term conseqencesof N deposition in other seveaely P-limited systems,

suchasin the tropics.

2.4.4Thresholdsfor nitrogendeposiion impads

In most Europearheathlandexperimentsdwarf shrubgrowth is increagd by added N inputs
above 157 20kg N ha™ yr*.while lichensandmossescan be negatively affectedat deposition
ratesabove 101 15kg ha™ yr'. However, the shift from dwarf strub to grass dominance
dependsnot only on N deposiion, but alsocomplex ecosysteminteractions and manayemert
methods.Effectson plant speciesrichnessin species-rich semi-naturalgrasslandshave been
repored above N loads of ca.15-20 kg N ha yr'*. However, the longest published experiment
shows significant effectsevenatvery low N inputs (10 kg N ha® yr%) andit may bethat there

is simply no thresholdfor thesechangesif the duration of the experiments is sufficiently long.
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2.5 Mediterra nean vegetation

Characteristics

Mediterraneanvegetatbn is charactgised by annual grassesandforbs, evergreen shiubs and
scleroplyll trees,forming anrual grasslandstypica shrubbnds, woodands or foreststands.
Thesecommunities have adated to the distinctive climatic conditions, with summer drought
andcool moist winters (Archibold 1995). Soails in Mediterranen systems aretypically base
rich comparedto mesic systems andasa resut acidifi cation effects arelessimportant than
eutrophicationimpacts. Nitrogenacaimulation, which enhancesthe spreadof nitrophilous and
some invasivespeges, is the dominant mechanism by which biodiversity effects occur in

Mediterranean ecoystems (TechnicalAnnexe 1; Fennetal. 2003% 2008).

Effeds on grasslands

Soilson serpentinitc rock in the SanFranciscoBay area arelow in N and supporta diverse
native grasslandvith more than 100 species of forbs andgrassesln anareanearSanJose,
California with N deposition ashigh as10i 15 kg kg N ha yr* exotic annual grasses have
invaded andreplaed many naive speies. Exotic grassesre replacingnaive forbs, including
thelarval host plants of therare andendangeed Bay Checkerspot Butterfly, which hasbeen
decliningsteadil, with local extirpationsin some resrves (Weiss 1999). Whenthe impaded
graslandsaregrazed with cattle, native plant species survive, because cattle preferably select
grasss overforbs andgrazingleads to anet export of N from the site (Weiss,1999).A
roadsde deposition gradientstudieddemonstratedthat exotic grassesexclude native speciesn
serpatine grasslandsvith N deposition aslow as5 kg ha yr (Stuart Weiss, pers. comm).
Fertilization studesin Cdifornia grasslands have aso shavn thatinvasives becme dominant
(Huennekeetal. 1990) andN-fixing speciescanbeexterminated in N enriched sites(Zavaleta

etal. 2003; Technical Annexe 1).
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In Europe,theimpads of N inputson biodiversity of Mediterranean terrestrial systams have
only been reported for agrasslandn Italy (Bonaromi et al. 2006). Nitrogen (35 kg ha® yr™)
wasadded for 3 years in plots with and without litter removal or vegetaiton cutting. Nitrogen
enrichmert stronglyincreasedhe abovegroundliving biomass, while maintaning very low
speces diversity. Speciesdiversity wasnegatively relatedto the above-ground biomassof the
native grassBrachypodiumrupestre, asfound earier for B. pinnatumin temperae cdcareous

grassands(Bobbink and Willems 1987).

Effeds on coastalsage scrub

During the lasthalf centurynaive coastalsage scrub (CSS)habitatin the RiversidePerris
Plainlocatedca. 100 km inland from Los Angeles,California has undergonea major dedine as
areallt of the estabishment of invasive MediterraneangrassegAllen etal. 2005, Fenn et al.
2003a;Minnich and Dezzani 1998).Invasion by grases andthe decline of native speciescover
andforb richnessare most severein the more northerly end of the Riverside-Perris Plain
(Minnich and Dezzni 1998) whereN depostion is > 10 kg ha yr'* andlevels of soil N areas
much as five times greater(Padgettet al. 199; Edie Allen, pers.comm.).

In field fertilization experiments, percentcover, andparticularly the biomass,ofexotic grasses,
increased, espedally duringwet years,but the CSSvegetaiton did notincreasein biomasseven
after 8 yearsof fertilization at 60 kg N ha yr (Allen etal. 2005,Fenn et al. 20033. Long-
term experiments shaved that Artemisia andEncdia suffer greder senesenceand mortality
after 6-9 months of growth in soils whereextracible N is maintained at 30-50 pg g, similar

to levels that occurin the dry seasorin polluted sites. However, becauseCSSvegdation is
summer deciduous,it is not knownto what extent the elevatedsoil N levels diredly impact the
CSSvegetaion. The exotic invasive grassegscapeny potentia long-term nutrient stressby
havinga short lifespan with high seed produdion. The diversity and density of arbusculr

mycorrhzal sporesn soil at CSSsitesalonga N-depostiongradient was significantly reducecd
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athigh N depositon sites(> 10 kg N ha'* yr'l; EgertonWarkurton andAllen 2000; Siglienza et
al. 2006a) alonganurban to rural N depaition gradient(Padgett et al. 1999). Further studies
suggested a negative feedbaclof N depositionmediated via selectionfor growth depiessing

mycorrhizal strans that arenot effective mutualists (Sigienzaeta. 2006b).

Effeds on chaparral

California chaparral communities arehighly stableandresisant to alieninvasives,(Burns and
Sauerl992,Keeleyetal. 2003)exceptwhenmechanially disturbedor in ecdones. However
histotical N eniichment of soils in pure chaparral stands of Eriogorum fasciculatum var.
foliolosum Nutt. and Adenostomdascicubtum Hook. & Arn. nearLos Angeles wasassocited
with dramatic charges in the mycorrhizal community (Egeton-Warburtonetal. 2001).
Diversity, species richness,andproductivity of the arbuscilar mycorrhizal community had
deterigated sewrely by 1969. Three previouslycommon mycorrhizal genera disappearedfrom
the mycorrhizal spore community in soil and onelarge-spored genera (Gigasopora was no
longerfound in plantroats. N enrichment alsoenhanced the proliferation of potentiallyless
mutualistic species of smdl-sporedGlomus, which may haveimplications for plant community

successionn thefaceof chroric N depaition (EgertorWarburton et al. 2001).

Effeds on forests

The most dramatic documented plant responsedo N in Mediterraneanforestsarethe charges in
lichen communities, evenat low levels of N deposition. Using simple indicesof lichen
functional groups,N loadswere defined that coregpond with major shiftsin lichen
communitiesin mixed conifer forestsin the Sierra Nevada of California. The most protedive
rateof N depositionfor lichen community impacts based on exceedance of aN concentration
thresholdin the lichen Letharia vulpina was ca.3 kg N ha* yr' (Fennetal. 2008).At this level

of N deposition, the lichen community composition wasalreadyshifting from sensiive to more
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N-tolerant species. At anestimated N deposition of ca.6 kg ha ! yr'1 the lichen community had
shiftedfrom the naural stateof addophyte (definedashighly N sensitive speces) dominance.
This is of particular concern becausef thelinks of addophyte speciego food webs andother
wildlife use (McCuneetal., 2007).The data from this study predict a complete extirpation of
acidophytes from the lichencommunity atanN load of 10.2kg ha' yr™. This work
demonstrdes thatknown biological impads areoccurring at N depositon levels aslow as 3-5
kg ha yr?, levels which are exceeded over large areasof the Mediterraneanforests of
California (Fennetal. 2003c,2008).

Undergorey diversity in mixed conifer forestsin the SanBernardinoMountainsin southern
California wasrecently compared to studesdone30 yearsprior in 1973 (All en etal. 2007).
Biodiversity losswaspronouncedn the most polluted sitesandis dueto the estdlishment of
invasive speciesthat have beame abundarn. In threeof six sites, including the two
wegdemmost polluted sites, 20-40% of species were lost between1973and 2003. Becauseof
confoundingfactors suchasprecpitation andpossibly local disturbances,a simple correlation
wasnot found between air pollution andpatterns of native and invasivespeces cover and
richness(Allen etal., 2007). Co-occuring ozone may beindirectly contributingto the
establifiment of exotic species aswell. Ozane causegpremature foliage lossin pine, while N
depositionstimulates foliar growth, leadingto greater litter producton and acamulation in the
forestfloor (Fenneta. 2003b). Many native plant speciesarenot able to establishwheredense
litter acaimulates. However, Galium aparine, anexotic amual from Europe, thrives under

theseconditions, which include the acidified N-rich soilsthat underliethe thick litter layer.

Thresholdgor nitrogen deposition impacts
It canbe concluded thatthe impads of N in EuropeanM editerraneanvegetation have been
little studied (only oneN additionexpeiimert in thewhale region). Evidencefrom California

shows thatit is likely that several changegincreases in exoic grases, decline in native
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speces, andin mycorrhizal communities) canoccur atincreasedN inputsat rather low loads
(107 15kg N ha' yr'). The most sensitive part of the studied forestswas the epiphytic lichen
community, which was influencedatN inputsaround31 5 kg N ha® yr. Clealy, more long-
term experiments are needed to better charaderize these regponsesin alarger number of

Mediterranean ecoystams.

2.6 Arid vegetation (desert and semidesert)

Characteristics

The arid regions of the world occupy 26-35 % of the Earth 6land surface,mostly between15°
and3(° latitude (Archibold 1995).Seami-desertanddesets occurin the tropicsandtemperate
regions.In temperate desets temperatures are very highin summer, but candrop consideably
in winter. In all desertsthereis a deficiency of precpitation, and the dryness is oftenintensified
by high evaportion ratesandby coarsesoils which retainlittle moisture. Desertandsemi-
deset ecoystems are generaly considered not to be sersitive to increased\ loadsbecausef
the overwhelming drought, andthey aremainly present in regions with very low N deposition

with the excepton of same desertregionsin the SW United States(Fenn et al. 2003°).

Nitrogenmanipulation studies

The effects of N deposiion on ndive andinvasive speciesn a desertecosystemhas been
studiedin afertilization andN depositon gradient studyin JoshuaTreeNational Park,
California. N deposition increased the amount of N mineralized and thustherate of soil N
supply. However, siteswith rocky or gravelly soils did not have high exotic grasscover, and
maintained high native cover even underelevatedN depogtion. In contrast,on sandysoils
elevated soil N increased exdic grass cover to the detiment of associated native forbs.
Incressed exotic grasscover was observedn responseo an additional 5 kg N ha™ yr*atalow

depositionsite (3.4 kg ha® yr') in 2005which was awet year (Allen etal. 2008).In adrier
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year only the 30 kg N ha® yr? treatmentelicited a similar response.Few other studes have
beenpublished of relevanceto possibleeffectsof N depositon on plant communities in
desets, except for shortterm expeiments with relaively high N treatments (e.g.,20-100 kg

ha® yr'; Baezetal. 2007, Brooks 2003, Schwinninget al. 2005; Techical Annexe 1).

Thresholdgor nitrogen deposition impacts

Evidence for N deposition effectsin arid regionsis very limited, althoughrecentstudiesfrom
California suggest thatarid ecoystems may be more respasve to N deposition than
previouslyassumed. In some deserts and semi-deserts changes in plant species andincreasesin
invasivegrassedave beenobsewed after N additions, indicating that arid systems can be
sersitive to increasingN depgition, particulay in areaswhereexotic species have been

introduced.

2.7 Tropical vegetation

Tropical savannas

Characteristics

Tropical savannas cover aboutone-eighth of the global land surface andare characterizd by a
nearcontinuous grass/herbamus stratum anda discantinuous layer of trees andshiubs of
variable density (BourliereandHadley 1983in Mistry, 2000). The climateis strongly seasonal
andthe dry seasorcanlast 2-9 months (Frost et al. 1986). Savannaecoystems are contrdled
by theinteractions among water, andnutrient availability anddisturbance (Medina 1987,
Samiento 1996). Thereative importance of disturbance (fire, grazingandbrowsing) in
suppressionof treecover dependson soil nutrient statusandprimary productivity asobserved
by Blackmore et al. (1990). Thereare few studies dedling specifically with the effects of

increasing N availability onthediversity (composition and abundance of speciesandplant life
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forms) of savama eccsystems. Thetime scale and amount of N appliedin these studies arealso

variable.

Effeds on the herbaceous layer

Shorterterm experiments (i.e. 1- 2 years)in a secondary coada savanna in Venezuela with
high nutrient addition (e.g. >200kg ha* of N, P andK) haveshown increasd cover of sedges
in responsdo N with no changein plantcompaosition (Bargeretal. 202) while no responseof
N additionalonewas observedn seasonallyflooded savanna but differencesin growth
responsef grassspeciedo combinationsof N, P,K andS suggestedatemporal division of
nutrient resources (Samiento et al. 2006). However, the relationship among traits suchas
competitive ability, composiion and diversity in short-term studiesmay not reflect vegetation
proceses in the long-temm, becausdraits of the initial dominants may be unrebted to thelong-
term outcome of competition. A long-term experiment from 1950 presentapplied N (71-212
kg ha’ yrt), P (336 kg ha ™ yr') andlime to agrasslandn South Africa (Fynn etal. 2005).
Botanicalcomposition in all plots was sampled between1951and1999. Averagedover 30
years, N fertilization increasedabove-ground primary productivity (ANPP) by 291 37 %
whereadN+P increasedANPP by 6871 74 %. Control plots demonstrated remarkable
composiional stability over 50 yearswhile, in the long-term, fertilization resultedin dramatic
changes in speciesabundance andcomposiion. N fertilization redu@d the abundace of most
speces, eecially of forb species (up to 94 %). Fettili zation with P or lime alonehad little
effecton ANPP andrichness, but after N fertilization andliming thereduction in abundaice
andspeces number waslessprofoundthanafteronly N addition. This clearly revealed thatthe
impactsof N or its chemical form (ammonium sulphateor anmonium nitrate) on plant
diversty waspartly caused by soil acidification. The genera trendwas for most spedeswith a
shortstatureto decline in aburdancewith increasing levels of N fertilization, whereas most tall

species peaked at some level of N fertili zation. However,not all tall species were compettive
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in N-fertilized sites suggeding that othertraits, like shale-tolerance or P ecoromy, were
involved.

Feedacksamong N enrichment, grassproductvity andherbivory canresultin bottom-up
reguktion of savama ecasystems with corsequencesfor vegetdion structure anddiversity. In
African savannas,it wasdemonstratedthatlarge native anddomestic herbivores selectvely
usedandintensvely grazednutrient-rich sites with consumption ratesincreasinginearly with
ANPP and thatthey also maintain the N-enriched staus of grazd sitesthrough depositon of

dungandurine (Augustire, 2003).

The effects of increasing nutrient availability on the compeitivenessof Afric an grasses against
native grases of Neotropical savannas have been doaumented in Venezuelan andBrazilian
savamas. In ashortterm (one growing season}tudy, the cultivation of the African grass,
Andropaon gayants, and the ndive grassspecies, Paspalumplicatulumin dystrophicsavama
soilsin Venezuela(fertilized with 70 kg N ha™ or 30 kg K ha or 102kg P ha'; and NPK
combined) showedthat the African speciesis more dependent on P supplyfor maximal

growth, while showinghigherN useefficiency thanthe SouthAmerican grass(Bilbao and
Medina, 1990). Long-term effectswere observedin afertilization experiment (100kg N ha y
1 100kg P ha' y* andN andP combined) conductedin a savannaon dystrophicsoil in central
Brazil since 1998. After seven yearsof fertilization, theinvasion of the plots by the African
grassMelinis minutiflora implied changes in species dominance. M. minutiflora wasfound to
outcompete the naive C3 grassE.inflexain N + P treatments but not under N or P alone.
Native C4 grassesshoved lower biomassvaluesunderall nutrient enrichment treaments, but
espeally whenN wasadded suggesing thatthey arelesscompetitive underhigher nutrient
availability (Luedemann, Busiamanteet al. unpublished). Theseresultsindicate that long-term
nutrient addiion is leadingto lossof biodiversity of the herbaceoudayer andfavouring the

invasionby exotic grasses.
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Effects on the woady layer

Theresponseof savanna woody plants to N deposition is lessinvestigated thanthoseof the
herbaceousayer. Physiological processesvere studed in five dominant woody speciedn the
Cerradoto determine whether N enrichiment would have an effect on their patiern of carbon
allocationandwater relations. N addition affeded the physiology of Cerradowoody speciesin
a manner that prevented Cerradotreesrespondig to temporal variationin soil water resour@es
(Scholzetal. 2007,Bucci etal. 2007). Cerradowoody speciesalso exhibited variable
response terms of nutrientfoliar concentratias andresorpton efficiency to N and P
fertilization. However, atcommunity level, charges in leaf chemistry and litter quality under
combined N andP additionacceleated the decomposition rate (Kozovits etal. 2007). These
resultsindicae that in seasonallydry tropical ecosystems, besidesinteracions betweenN and
P, charges in water useefficiency might be related to respanses to N eniichment with
consegences to species abundance and composition. Long-term impacts of N addiion might
alsoinclude negative response®f woody plant seedlings to the increasedbiomassof the
herbaceougayer but, on the other hand, the increasetotal leaf areaof woody layer underthe
addtion of N (Bucd, 2001) might result in a negative feedback for the above-ground

productvity of the herbaceoudayer.

Tropical forests

Characteristics

Tropical forestsrepresentimportant storehosges for biodiversity (Mittermeier etal. 1998). A
broadrangeof tropical foresttypesexists(eg. Archibald 1995), but herewe only distinguish
three broad categories, namely tropica lowland rainforest, tropical montaneforest and tropical
dry forest.It is widely acceped that many tropical forests are P-limited, N-rich andhave open

N cyclesin comparisonto most temperateforests. Tropical forests with anefficient within-
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standN economy areeither montane forestor lowlandforestlocaed on sandysoils (e.qg.
Matsonetal. 1999, Martinelli et al. 1999).

Theimpactof N deposiion on plantdiversity of tropical forestsis still anopenqueston? In the
last 30 years, studiesin different typesof tropical forests have focused on the effectsof nutrient
addtions on productvity (LeBauer and Tresaler 2008).1n addition, the relatively high level of
fertilizer application usedin the experiments is clearly much higherthan the presert-day
gradients of arthropogenic deposition of N. The high compositional andstructual diversty of
amog all tropical foreds presentsan addtional chalengefor interprding results of nutrient
addtion experimerts, becausenot al species in the ecoystem are nutrient limited, evenwhen

theoverall ecasystem processesare.

Effeds on tropical rain forest(lowland)

In tropical rain forestbroadleaf treesriseto 30to 45 m, forming a densemulti-layer canoyy.
Giantlianasandepiphytes are aburdant. The forestis mostly evergreen, butthe individual tree
speces have different leaf-shedding cycles. Theseforestsarefoundon highly weathered,
cation depletedadd clay Oxisolswith high Al concentrationsandhigh P depldion and on soils
formed on white sands.The organic matter content of the soil islow (ca.2 %) and
demmposition andmineraization ratesare high.

Neotropcal rain forests,paricularly the Amazon forest, have been corsideredthe mos
species-rich forests worldwide andspatia patternsof species richness have beendetected (e.g.
Gentry 1988, ter Steaye et al. 2000). Phillips et al. (2004) shaved that trees10 cm or more in
diameter recruit anddie twice asfast onthericher soils of sotthernandwesternAmazonia than

onthe poaer soils of easterrandcentral Amazmia.

Although treegrowth may be nutiient limited in many forests(Tamm 1990, Tamer etal. 1992,

Vitouseketal. 1993, Aber etal. 1995), severdight limitation onthe forestfloor is often
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thoughtto prevent regponsesof understoey plantsto increasing nutrient availability. Climbing
plants andlianasare conspicuousand play animportantpart in tropical foregs beingefficient
andflexible in light foraging (Bigelow 1993).The increased soil nutrient availability
(equivalent to 220kg N hal yr?, 55 kg P ha' yr! and110 kg K ha* yr?) stimulatedseeding
growth of threeliana spedesin Panama, despite extremely low light availahility (0.8%-2.2% of
full sun)(Héttenschwiler2002). Althoughtherespmseto addition of N alonewasnot studied,
theresults highlighted that responsesto increaing N avalability might affect al forestlayers.
A recant study in anold-growth tropical forestin southeasern China, found thatfour years of
experimental additionsof 100kg N ha yr! decreaed herbaceous layer species richness nearly
40%relative to controls and that additions of 150kg N ha yr* decreasedichnessby around
75% relative to controls (Lu Xiankai, pers.comm.). This indicates that N errichmert can

influence the speciesichnessof the understorey.

Effeds on secondarjowland forests and successionafter disturbance

Disturbaice regimes in the tropics might changecommunity composition asresponseso
nutrient availability becane more important thanresponss to light availallity (asin small
gaps)whenlight is lesslimiting. Tropical forestsare experiencing intense land usechangeand
with increaing deforestation rates young secormary forestsarebecoming moreimportant asa
reservoirof biodiversity. Evidence for postive growth respamse andluxury consimption
among light-demanding speciessuggestghatP, rather than N, shauld limit seedling
perfamance andmay ultimately influence treediversity in young secomlary tropical forests.In
aliterature review Lawrence (2003) repored growth resporses of seedlings (critical stage in
recrutment following successfulcolonizaion of asite) in atotal of 91 tropical foreds.
Although most of the experimerts were conductedin potsand with addition of NPK that
prevents the evaluation of responseso single nutrients, mostof the species(73% of light-

demanding and60% of shadetolerant) respomled positively to fertilization but the magnitude
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of theresmnseof light-demanding species was more than twice that of shede-tolerant species.
This sugpests that nutrientenrichment could affect the structureof tropical forests regenerating
from large-scale disturbance.In more fertile sites, competitive exclusionmay occur within the
light-demanding speces, resultingin a decline in local tree diversity. Siddique, Davidson,
Vieira etal. (unpublshed)conduded 2-yr expeiimental N andP addtion (100kg N ha yr;
50 kg P ha yr'! and N+P together) in anabandoed pasturein easternrAmazona. The two
large applicationsof N andP confared only shot-lived tree woody biomass resppnses,
primarily to N, andpartly to P. Both N andP additionshifted relative tree speces growth
towardsfew, responsre speciesanddelayed increasesdn treespeciegichnessandreduced
evenress. Consistentnegative effectsof NxP interactionson treebiomassgrowth anddiversity
wereattributedto dramatic, positive NxP interactionsin grassgrowth respones. This result
demonstrdes thatintera¢ions within andamong life forms and at multiple hierarchical levels
of functional diversity have to be consdered in the AmazonBasin. Furthemore, Davidson et
a. (2007)demonstrated throughthe comparison of forestchronosequeces (stands rangingin
agefrom 3 to 70 years andremnant mature forests in eastern Amazonia- Para),changes in N
limitation with succes#on. Youngsuccessionalforeds growing after agriculturalabandament
onahighly weahered lowland tropical soils exhibited corservative N cycling properties. As
secomlary succesion progressedN cycling propertes recovered with increasing availahbility of
soil nitrate relative to ammonium. The dominance of a consenative P cycle typical of mature

lowland tropical forestsre-emerged (Davidsonetal. 2007).

Effeds on tropical montaneforest

In compatrison to lowland forests,montane tropical forest growth anddistribuion is limited by
decreasingair temperature andincreasingcloudiness(Grubb 1977). Erodon on stesp slopes
can preventthe acawmulation of deepsoil andcancauserenewed exposureof bedrockto

weattering, thusmaintaining a suply of mineral-detived nutrients, such asCa, Mg, K, andP.
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Nutrient supply andotherfactorssuchassoil basesaturaiton arealsocontrolled by temperatue
andpredpitation. Several studieshave shown that the concentrationof major nutrientsin
meature foliage, aboveground biomass andlitter fall of montane rain forestsare generally lower
thanin lowland rain forests(Grubb 1977, Tanner 1985, Vitousek1984). Fettili zation
experimerts in tropical montane foreds were summarized by Tanneretal. 1998,who noted
consderable variability among thesesystems. At anyaltitude it is possible to find forests with
low, intermediate, andhigh concentrations of nutrients,but low-statureforestsgenerally have
low concentrationsof N andP at any elevation. They concluded that wet montane tropical
forestsaremost likely limited by N. This condusion is recaitly confirmed by the meta-analysis
of LeBauxr andTresealer (2008). They found a significant positive relationship betweenplant
productionand N addiions in tropical montane foreststudies (n = 8). It be@me clearthat
tropical montane forest has a much moreclosed N cycle andis low in N. In addtion, base
satuation is moderate in most soils of these foreds, which canimply aratherhigh sengtivity
to sal acidificaton with lossesof cations andincreases in duminium due to increased N
inputs.

Osterlag & Verville (2002) applied100kg N ha' yr for atleast10yeas to a stand of wet
montane foreston youngsoils (200-400 yrs old; N-limited) andto a standon very old soils (ca.
4.1 million yrs; P-limited) on Hawai. Theyfounda significantincreaseof non-native invaders
in the youngest stand,with a significantreduction in speces richness. At the P-limited site, N
nor P addition did cause changein speces composition or diversty. This may indicatethat
species composition anddiversty can beinfluenced by increasedatmospheric N loads in N-

limited tropical montane forests,but dataareextremely scarceto generalize this obsevation.

Effeds on tropical dry forest
Seasonallytropical dry forestoccurin tropical regionswith several months of severeor

absolte drought (Mooney etal. 1995) andarefrequently connected to savannasbecausahey
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occurunderthe same climatic conditions, although they are often foundin soils of higher
fertility. Studes of N depgition impactson the diversty of thesesystems arepradically
nonexstent. Campo & Dirzo (2003) conducted a fertilization experimert in secondary tropical
dry forestsgrowing on limestonein the Yucatn Peninsla (México) whereone sedor was
abandoned~60yrs ago(old secondaryforest)andanother sector10 yrs ago. Both sectors were
nutrient-poor but the old forestareahad soils with higher avail ability of P. Plotsat eachforest
wereeither left intact (controls) or fertilized with N (220kg ha' yr™), with P (75 kg ha® yr?)
or with N plus P for threeconsecuwe years(19982000) in two pulses, atthe endof thedry
seasorandin the middle of therainy season. Interactions betweencharges in leaf quality and
herbivorywere observed at the young site but not atthe older sites indicating that regulatory
mechanisms betweenleafquality and damage by herbivoresaredependent ons i tnetrierd
limitations andspeciescomposition. Although the studydid not focuson speciediversity, it

reinforcesthat the interactions of N andP arealsorelevant in tropical dry forest.

Thresholdgor nitrogen deposition impacts

In many tropical systems, P is oftenthe important limiting resourcefor plantgrowth.
Resposesto increasedN availability arehighly comectedto interadions between N and

P. Additionally, in these extremely speciegich andstructualy diverseecoystems, responses
areoften speciesspecfic or are specificto a particularlife form. Thesedifferential responses
andhigh level of connetivity among speciesanaffectthe outcome of competition in complex
ways, through interadions of nutrient-supportedgrowth with competition for light, water, and
othernutrientsaswell asresponsedo hembivory andpathogens.Evidence from N addition
experimens in tropical savannasandforeds suggest the potential for shortterm decreasesn
speies richness. This evidence is, unfortunately, biased, becausethe N additions werelarge
andmostly applied for only brief experimentl periods. Although seting of an effect

thresholdss not possibleat this moment, it is suggested that the long-term impact of enhanced
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N depdition could lead to changes in spedes compasition andrichnessin same of the tropical

ecosystems.

3. Mechanisms for plant diversity effectsof increased N deposition i a synthesis

Generadlsation of theimpactof N on different ecoystems aroundtheworld is diffic ult,
consdering the overall complexity of bath the N cycling in ecoystems and therespmsesto N
addtions, but this global assesment showsthat thereare clearly generalfeatures of the N
effect chain that can be distinguished for seweral major ecoystems types.The series of events
thatoccurwhen N depaition hasincreased in aregion with originally low backgrand
depositionratesis highly complex. Many biotic andabiotic proceses interact andoperate at
different time scales andan acceped scheme derived for temperateecoystems in the northern
hemisphee is given in Fig. 1.

In anattempt to gain anunderstandingf how applicable this type of scheme isto ecoystans
outsde the well-studied aress of the northern hemisphere, we have analysed the expermental
setupandresultsof the studiescited in secton 2 to detegmine likely medanisms for the plant
diversty effects of N additions (seeTechnicalAnnexe 1). The mostlikely combination of
mechanisms behind the observedchanges to plant diversity is identified andscaed for its
relativeimportance(wherelis6 | omportance @nd5 is dmaindriverd )The reailts are
summarisedin Table 1 andconsstently show thatN accumulation in the ecosystem is the main
driver of changes to spedes composition acrossthe whole range of major ecoystem types,
wheredoses of Nr of varying amount, compostion, frequerty, and durdion of application
oftenreduce or charge terredrial and wetland above-grounddiversity. Enhanced N inputs
resultin agradia increasein the availability of soil N. This leadsto an increasen plant
productivity in N-limited vegetationandthushigherlitter production.Becauseof this, N

mineralization will gradudly increae, which may causeenhancedplant productivity andin the
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longerterm competitive exclusion of characterisic speciesby relatively fast-growing
nitrophilic species. In generd, nitrophilic spedes as grases, sedgesandexoics are the

6 wners and lessnitrophilic species such as forbs of small statue, dwarf shrubs lichens and
mosses, the dosers. Therateof N cycling in the ecoystem is clearly enhaned in this
situation. Whenthe natural N deficiendes in anecacsystemare fully fulfil led, plant growth
bewmes restricted by other resources, suchasP andproductvity will notincrease further. This
partiaulady importent in regionssuchasthe tropics thataready havevery low soil P
availability (Vitouseketd. this volume). N concentations in the plants will, however, increase
with erhanced N inputsin these P-limited regions, which may seioudy affect the palagbili ty
of the vegetaton andthus cause increasedisk of (insect) herbivory. In this situation N
concentration in litter increase with raised N inputs, leading to extra stimulation of N
mineralization rates. Becauseof this imbalance between N and P, plant spesies which have
highly efficient P economy, gradually profit and speciescompostion canbe charged in this
way withoutincreased plant productivity. Finally, the ecoystem becomes 6 Maturated, which
leadsto an increased(risk of) N leachingfrom the soil to the degper ground water or of

gaseoudluxes(N; & N2O) to the atmosphere (e.g.Bobbink et a. 2003).

Secton 2 adso shaved key N-related changes in individual plant speciesbecause of their plant
physiology (e.g.nutrient or wateruseefficiency; shadetolerance), biomass allocation patern
(e.g.root to shootratios), andmycorrhizalinfection. This can cleaty influence the outcome of
plant speciegnteracions in areas with higher N inputs. For example, in (tropical) forests
resporses of plants to light availability certainly mediatetheimpacts of N depositon betwween

canopy and understoreyspeces, andthusthe changesn speciescompasition in this system.

The other mechanisms, directtoxicity of nitrogengasesandaerosolsjong-term negative

effectsof ammonium andanmonia, soil-mediated effects of acidification andsecondary stress
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anddisturbanceappear more ecosystem specific or atlocaions near large sourceswith high
air corcentratiors. They may, however, play a mgor role in observedspedes changesin
speces composition, the significanceof which is dependent on site abiotic characteristics. Acid
neutdizing capadty (ANC), sdl nutrient availability, andsoil factorswhich infl uence the
nitrification potential and N immohilization rate, areespecily of importancein this respect
(Bobbink and Lamers 2002). For example, soil acidification causedby atmosgheric deposition
of SandN compoundsis alongterm procesgshat may leadto lower pH, increasedleaching of
basecations, increasedconcentrdabns of toxic metals (e.g. Al) anddecreasein nitrification and
accumulation of litter (Ulrich 1983,1991). Finally, acidresistantplant species will become
dominant, andspeciegypical of intermediae pH disapper. This interaction betweenthe
acidifying andeutroplying effects of N depositionis of major importance in exacerbatinghe
N depdaition effeds on spedes diversity in formerly acidic andweekly calcareoustemperate
habitats,asgrasslandssoft water wetlandsor forests, causing a very speciespoor andatypical
vegetation (Stewens etal. 2006).In contrast,in many Mediterraneanandarid systems with their
soilstypicaly baserich compared to more temperate andboreal systems, acidification effects
arelessimportant (see Section 2). Furthemore, studies on heathlandimpacts have shown that
Callunavulgaris canrespondo increagd N availability andthat invasion by grassesand
speces reduction doesnot occur until its canopyis opened up by secondey factors suchas
hedher beetleattack, frost/droughtdamage or fire. Thesesecondaryactors may be highly
influenced by enhancedN inputsin theseshrubsystems, clearly triggering the shift from dwarf
shribs to grases (Bobbink andLamers 2002). However,the impact of N depositon on these
secomary fadorsis hardly quantfied for ecoystem types otherthanheathlands,but canbe of
cruda importance for the obsered changes in vegetdion composition. In addiion, increased
availabiltity of reduced N (ammonium or ammonia) is of major importance for the preseance of
typical plant species in several ecoystems, whereaoriginally nitrateis the dominant form of N

in stead of ammonium (Bobbink et al. 2003; Kleijn etal. 2008). This effectis especially
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observedn areas wheremost of the N depostion is in thereducedform, andin situations
wherenitrification hasbeenhampered by soil addification, such asoccurredin originally

wegkly buffered systems (pH 4.57 6.5).

4. Critical loadsfor N depostion and biodiversity protection

In the sedions 2 and3, we evaluaed impacts on plant diversity andidentified, where possibg,
thresholdgSor N depositionfor each major terrestrial ecoystem type Suchthrestolds have
beenusedin evaluation of the needfor emission control through the conceptof critical loads.
Critical loads are generally definedasfi @uantitative estimate of anexposre to one or more
pollutants below which significant harmful effeds on specifiedsenstive elements of the
environment do not ocaur according to present knowledge NilssonandGrennfelt1988,
Hettelinghetal. 2001,UBA 2004).They are most commonly usedin comection with
depositionof atmosgheric pollutants, particularly acidity andN, anddefine the maximum

depositionflux thatanecoystem is able to sustainin the long-term.

Threeapprachesare currently usedto define critical loads of N. Thefirst, steag-statemodels,
useobservationsor expertknowledge to detemine chemical thresholds (e.g. N availahlity, N
leaching, C/N ratio) in envirmmental media for effeds in different ecoystems, including
changs in spedes composition. Then, steady-state biogeochemicd models are used to

detemine the depostion ratethat results in this threshdéd value (Spranger etal. 2008).

In the second apprach, empirical criticd N loads are setbased on field evidence. In Europe,
empirical critical loads have beenusedsincethe early 1990s within the Conventionon Long-
Rarge Transbowndary Air Polluion (CLRTAP) for impacts on biodiversity in natural and

semi-natural systems (Bobbink et al. 1996, Bobbink et al. 2003). Empirical N critical loads are
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fully basedon observedchanges in the strucure and functon of ecosystems, primarily in
speces abundance, composition and/or diversity and are evaluated for specific ecosystems.
Statstically andbiologically significant outcomes of field addition experiments and mesocosm
studes have been used to quartify empirical critical loads. Only studies which have
independent N treatments of 2 years or more duration have been used. However, since
experimenta studies have been conducted for a variety of reasonstheir desgn differs, andthe
methods usedare carefully scrutinisedto identify factorsrelatedto the experimental design or
dataanaysis which may corstrain their use. This includes evaluaion of the accuracy of the
estmated values of background N deposiion at the experimental site (Suttonet al., 2003). In
addtion, the reslts from correktive or retrogective field studies have been used,but only as
addtional evidence to support conclusions from expermental, or as a basis for expert
judgement. An oveniew of the Eurgpeanempirical N critical loadsis given in Table 2.

A third approachis basedon dynamic models,which are developed for a prognosisof the long-
term respase of ecoystans to deposiion, dimate, and managemert scenarios, and can be

usedin aninverseway. Therelevance of usingthis appioachis descrbed bdow.

Exceedace of critical N loads

Criticd loads of N can be compared to pest, presentor future demsition rates in order to
edablish the amount of excessdeposition, also called exceedance. Exceedances of empirical
criticd loads and thosebasd on stead/-state models have beenused in Europeanpollution
abatement policy for defining emission reduction targets(Sprangeret al. 2008). However, a
key questionin their use to supportpolicy dewelopment (both in deriving naional emission
cellings and for biodiversty protecion through the UN-Convention on Biological Diversty
and the European Habitats Directive) is whether there is a link between the exceedance of
criticd N loads and effects on biodiversity, such as speciesrichness.A reant synthesis of

results of EuropeanN addiion expeiiments in grasslandswetlands, (sub)Arctic and apine
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vegetation, andtemperate forests showed a clear negative-log relationship betweenexceadance
of empiricd N criticd loadsand plant species richness, expresed as the ratio between the
plant speciesrichness in the N-added trestment and the control treatment (Fig. 3; Bobbink
2004).Hene, dthoughthereare methodalogical limitations and scientific uncertanties in the
methods used to derive empirical critical loads, excesdance of these valuesis clearly linked to

redued plant speces richnessin a broadrangeof European ecasystems.

The timescde of effects of nitrogen deposition isaso a significant limitation of the use of
experimental evidence to derive empirical loads due to the limited duration of many studies,
althoughaddition studies clearly longer than 5 years are rather common nowadays. Long-term
experiments over 1-2 decales (e.g. Clark and Tilman 2008) suggestthat thresholds for
significant effects may be lower with increased durdion of treatmert. Thus, because of the
requirement to base them on evidenceof significant effects,the critical loadsin Table 2 strictly
shauld only be applied over the duration of the relevant studies (mosty not longer than 20
years). More importantly, they may not represent the real biologicd threshold for cumulative
effectsof N depogtion over several decales;indeed for some systems with limited loss of N in
leaching or deritrification, the threshold depaosition may itself not bereaded within the studied

time period, andthe estimate is thusprobally too high in thosecases.

Therfore, for a prognais of the long-term responseof ecoystems to depostion, climate, and
maragemert scenaios, an apprach based on dynamic models is needed. Reaently, integated
dynamic soil-vegetaton modelling approabes have been develged to assesshe impactsof N
depositionon plant species diversity for specifc ecoystemns (de Vries et a., this volume).
Such dynamic models have a strong mechanistic basis, and hence can provide a strorger

sdentific basisfor policy assesgment in the future. They can aso be usedinversdy to quantify

43



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Bobbink et al.

criticd load valuesfor different ecoystem types,basedon effeds on species composition and

speces diversity.

However, application of eachof the three critical load apprachesis presently limited to
ecosystems of high conservation value in north, west, and centralEurope for which
appropriatefield andexpeiimental data are avail able; application in not possible in the
Mediterranean region due to lack of dat. As indicatedin Secton 3, thereis datafrom long-
term field experiments that could be usedto edimate critical loads for some ecoystems in
North America, and there is increasing interestin usingthis approachecrossthe USA (Burns et
al. 2008). Tentative thresholdsandthe risk of negative impactsof increasedN inputsfor major
biomes outsideEurope andNorth America were identified in section 2 and 3 (seeTable 1), but
there is alack of datafrom experiments with reaistic N additions andduration to estimate
critical loads for thesebiomes at present (see Table 1 andTechrica Annex 1), with the

possibleexceptionof same Mediterranean systams.

5. Global changes in atmospheric N deposition and eczonesat risk

Theincrease in global N emissions in thelast 4-5 decadesis reflected by anincrease in N
deposition.This canbe il lustratedby modelsthat evaluatethe transportanddeposition of N in
responseo pag-present andfuture emissions.Iln Figure4 we give the computedtotal N (NHx
andNOy) depositon calcuatedwith the TM3 model (Dentener etal. 2006) for 1860and2000.
In the near future, several scanarios predictthat the amounts of N deposfion onthe various

coninentswill increase or stay at high levels in the coming decades (Dentener etal. 2006).

In recent yearsthere have beenattemptsto assas therisks that N depostion posesto plant

diversty around the globe usng assessnent proceduresasedto variousextents on the criti cal
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loadsapproach(e.g.Bouwman etd. 2002, Phoenixet al. 2006, Denteneret al. 2006) and
scenario studies considering all major driversof biodiversity loss(Salaetal. 2000). These
studesidentify the areas in Europe and partsof North America where N depositionhas been
shownto affed plant diversity in thelast 2-3 decadegseeSection 2; see alsoFig. 4) and
anticipate that the extent of such impacts aroundthe world will likely increasen coming
deades. To estmate the extent that ecoystems of high corservation value aroundthe world
may be under threatfrom increasing N deposition now andin the future we have developed a
new approachof overlaying modelled N depositon with WWF G200ecoregions.Ecaregions
aredefined as: (i) areascontaining a distinct assemblage of natual communties andspecies;
and(ii) priority conservabn areas,which would protect a broad diversity of theeat h 6 s
ecosystems. In this way, bath hot spots of diversity andregions with their typical ecoystems
arecovered. Importantly, the ecoegions relateto ecasystem typeswhoseresponset different
locationsto N deposition canbe compared andcontrasted.

N depdition edimates for theandysis are the mean vauesfor the 23 models used in the multi-
model evaluation of Dentener et al. 2006; the mean was consistatly the best stdistic in the
study whencomparisonwas made with available depositionmonitoring. N depositon
estmates(in this case for (NO + NO2 + HNOs + HNO4 + NO3 + 2xN20Os + PAN + organic
nitrates)+ NHx (NH3z + NH4)) were for a baselne year of 2000 and2030driven by three
different emission scenarios: current legislation (CLE) around the world; maximum feasble
redudion (MFR) basd on available technoogy and the pessimistic IPCC SRES A2 saenario
(Dentener etal. 2006).

Analysis of the spdial extendof the G200ecoregionsandthe mean N depositon in each(Fig.
5 a,b)shows thatin 2000the ecorggionswith the highest N depaition were in Europe,N
America, southern China andpartsof S and SE Asia. However, by 2030, according to the CLE
andA2 SRES scenaios, large areasin Latin Americaand Africa, will alsobereceving

depositiongreaterthan 10 kg N ha* yr*. Calculation of the percentge areaof G200
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terrestrial ecoystems with mean depostion > 10kg N ha' yr™* for eachof the seerarios shows
thatfor CLE andA2 SRESthereis a potential 5 and15 % increase regectively by 2030
compared to 2000(Fig. 6). In addition, the numberof ecaegions with N deposition greaer
than10kg N ha' yr* could potentially increaserom 39 (baseline2000)to 54 (MFR), 62
(CLE) or 73 (SRES A2) by 2030(see Technical Annexell). Importarily, Table3 showsthe
G200ecoregionsestimated to reasive the highest mean and maximum rates of deposiion by
2030 (definedasmean modelledN depositionfor CLE 2030015 kg N ha® yr*; where some
of the ecoregionsalrealy have deposition O15 kg N ha yr in 2000). Theseinclude G200
ecoregionsthat correspnd to the ecoystem types discused in Sections 2 and 3 with relatively
well charactersed sensitivities, such asthose in the biomes: montane grasslandsand
shriblands(includes high altitude montane, subd pine, andalpine grassandsandshrubland),
temperate broadleaf and mixed forest, coniferous forest and grasslands,savamas and
shriblands(seeTecmicd Annexe Il). All the ecoregons in these biomeshave N deposition
ratesin 2000 and2030thatarein excessof the thresholdsdiscussedn sections2 and 3. For
ecoregionsin the Southwest China temperateforestsand mangrovesin Bangladesh andindia,
the mean and maximum N depasition rates are estimated to bevery high (> 20kg N ha* yr)
in the baselineyear of 2000(Table 3).

Some of the tropical ecoregionsin Table 3 are estimated to have N depositon > 20 kg N ha*
yr! in 2000 andin excessof 30 kg N ha yr in the 2030scenarios, especially in Chinaand
India (seeaso Techni@ Annexe 2). According to the evidence presated in Section2 and3
thesedepostion ratesmay potentially affect plant diversity. Some Mediterranearecaegions,
with modelled deposition 15 < kg N ha* yr* could also be suscepible to N depostion effects
on plant diversity according to the thresholdsdiscussedin secton 2 and 3 (seeTednical
Annexel). This tentative risk asgsament using the G200 earegons cleaty shows that
significant aress of valuable ecosystams may alreadybe losing plant diversity andthatif

currentatmosphericN depostion trends coninue this situation canonly getworse.
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6. Concluding remarks

This synthesispaper hasconsidered the latest information on the understandingof plant
diversty effectsof N depositon in terrestral ecosystems, basedupon N-addiion studies
aroundthe globe acrossa latitudind seque@ce. It is clear that temperate andnorthern
ecosystems have undegone significant changes in their plant speciescompostion anddiversty
underhigh N loads(Sedion 2). The mechanisms for N effectsdescrbed in Section 3 areaso
seento bein operation in sevea of thetreded ecoystems with the particular sequence of
everts changing from caseto casebasedon abiotic andbiotic condiions of patticular
environments. N additions to temperate forestsor semi-natural vegetation in high background
areagcenta and western Europe)may fail to show negative impacts on the species richness
of the vegetaton. This could be causedy thefact that thesesystems have beenexposedto
high N inputsfor severaldecales,which has already led to N acawmulation, N saurationand
changss in the plant composition of the herbaceoudayer of vegetation. In ecasystems where
the deposition hashistoricdly beenlow, suchasin boreal and (sub)Arctic zoneseven
relatively small (5-10 kg N ha' yr) longterm (>5years) increasesn N depositioncanresult
in unwarted changes in plant diversity in the nearfuture. It is thusof major importance to
investgate theimpacts of N depogion onterrestrial ecosystans in regonsbeforethe N
depositionstats to increasesignificantly. Temperate ecosystems outside the UN/ECE region
identified in the G200 analysis, suchastemperate forestsin China, have no repoted studies on
biodiversity effects related to the increased N depostion in recent decales, such studies are

now essential.

Many of the EuropeanArctic, boreal andtemperate ecosystans have already beenallocated

effectthredolds or empirical critical loadsunder the LRTAP Convention in the UNECE
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region.There is a growing urgencyto reveal the corsequences of actual exceedances of N
critical loads in ecoystems of high cormservationd value with respecto their typical
biodiversity, becawse ther biodiversity is oneof the main aimsfor their protedion. Dose-
responseelaionshipsfor plant spedesrichness suchasshown in Fig. 2 and3 arethusa
significantstep forward and essential to demonstrate that atmosphericN depositionreduction is
neeakd to protectthis richnes. These results and the moddling studies discussedin the
companion paper (De Vries etal. this volume) are, however, presently difficult to generalize
acrossall biomesoutside Europeand North America. Efforts in the nearfuture are requred to
extendevaluations of effectthresholdgo low latitude ecoystems which arenow or in the
coming decadesunderthreatsof increasingN deposiion (Figs. 4 and>5). In this way, effective
emission control strateges can be developed for biodiversity control. However, it is important
to notethat effects of N depositon on biodiversity aremostly only quariified for plantrichness
anddiversity, andtheimpacts on animals andother groupsarehardly studied. Thisisan
addtional risk, beause food-web basd processesnay erhance the consequaces of N inputs
for faunagroupsor speces. It may thereforebe wise to usethe lowest part of the effect

thresholdrangesasa precautionary approach.

Therisk of N deposition impacts on diversity (suchaschanges in competiti ve relations,
secomary stresss andsoil acidifi cation) to lower latitude ecasystem types aroundthe world
(from Mediteraneanto tropical systems) has beenlessstudied,or not atall.. The possible
impads with an indication of their sensitivity are preliminary synthesized in Table 1.
Mediterraneanecoystemstudiesin N. America reveded the sersitivity of these ecasydems to
N depdgition andthese resuts may be transferable to European andother Mediterranean
systems. Ecog/stemregponsescanbe similar acrosscomparable M editerranean ecosystens
located on different continents, but critical loads arelikely to be affected by site-spedfic

condtions suchasN depositionhistory, forms and quantities;co-occurring pollutants suchas
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ozae; climatic andedaphic charaderidics; differencesin understoreyandoverstorey
vegetation sensitvities to added N; the degreeof exdic spedes invasionsat the site; and fire,
land management andland usehistoly. However,it islikely that several Mediterranean
ecosystems will be affected by moderately increased\ loads,suchascanbeenfound now or in
near future in several parts of the Mediterranean ecozames (Fig. 4). The consequeacesof N
depositionin arid zonesarerather unclear, athough some indicationssuggestinvasions of
exotic species. However, most arid eczonesarecurrently, andin near future,in (very) low N

depositionregions,andthusat low risk.

Tropical forestsandsavannas have typically beenconsidered as relaively insersitive to N
effectsasmany of thesesystems are limited by phosphoruqP) (e.g. Tanner etal. 1998,
Vitouseket al. this volume) andnot by N. Matson etal (1999) argued that most of the
addtional N inputsto tropical systems will be lost from the system to the water andair, and
thatthe comnsequences of increased nitrification rates andN losseswill belosses of basecations
anddecreaesin sal pH, which may in turn leadto decreases in C starage in moist tropical
forests.However, in terms of plant diversity lossthe evidence reviewedin this paper shows
that spatial heterogeneity in nutiient avaiability andwithin and between spedesdifferencesin
their ability to accessand utilize nutrients whenavdlable, may preciptate same of the classic
mechanism of biodiversity change in respnseto N addiion. Unfortunatey, thefield
experimens in thesetropical systems mostly usedN additionlevels that arequite unrealidic in
terms of amount andduration of the loads compared with the atmospheic inputs(see
TechnicalAnnexll). Gilliam (2006) suggested hypothesisd the N homogenety hypahesisd
predcting a decline in plant diversity of the understorey of impactedforests asareault of
excess N deposition decreaing the naturally high spatial heterogeneity in soil N availability
(Hutchingset al. 2003, Small & McCarthy2003)that contributesto the maintenance of high

speces diversity of theundersorey. Thereaults of N addtion studiesin temperate forestsin
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the USA andEuropecanbe explaned by this hypathesis, andvery recent evidence in atropical
foreststudyin China (currenly unpublished) is also in line with it. Experimental studies
represeat a key opportunity in tropical forestsandsawannas; it is too late to know how many
temperateforeds functionedin the absenceof anthropagenic N, but we canstill do prospectve
experiments in most subtropicd, tropicd (and southerntemperae!) ecaegons beforethe
atmospheic N loadsstart to increase in the coming decalesin these tropical parts. The
summary of N addition experimernts acrossthetropicsandsubtropicshave shown thatN
depostion may potertially affect plant diversity in some ecosystems more than originally
thought,andbecause in some tropica areag/Asial!) the atmosphericN loadsaregradualy

increasing, researcton this topic is now urgently required..

We like to finish this synthesis with some concluding statements:

A AtmosphericN depositionin temperate andnorthernEuropeand North America is one
of themagjor risksto plantdiversity degralation. In addition, recovery of N enrichment
is avery slow process;

A It may belaterthan we think! Biodiversity lossby N depogtion could be more serious
thanfirst thoughtin some ecoregions, suchasin borealforests,Mediterranean systems
andsome tropical savannasand montane forests;

A A recurrent theme is that plant speciesrespad differentially to nutrient additions and
theresultant competition resultsin shifts in aburdance which may be accompanied by
loss(or increase) of speces. This may evenbetrue in tropical systems, although the
available evidence has come from studieswith high N addtions;

A Theempirical N critical loads approech is, together with dynarric modelling, a

promising approachto quartify the sensitivity of global ecoystems for the biodiversty
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impacts of N depo#tion, and,thus,is an usefultool to identify areaswhere control of N
emissionsareneeded;

A A&Vore persuasied indicators of biodiversity lossin areas with exceeded N critical loads
arerequired on aglobal scde; afirst Europeanattempt to quantify the relation between
N exceelance andplant speeies richness is promising, but much more dataarenneeded
on other components of biodiversity (fauna,speces characeristic of a particular
ecaystemtype);

A Lichensobtain their N requrements from the atmosghere and lichen community
changesin reponseto N depostion functions asan early warning sentinel of
biodiversity andother changes causedoy N depostion. In many regionswith elevated

N deposiion, the critical load for lichen community effects haslong beenexcealed.

As usual,many questons remain open aboutthe impads of N deposition on biodiversity. More
dataon N depositionto remote regions of the world andits impacts are needed, nat only to set
a basdine but also to hdp provide a database for model validation. It is mostimportant to
obtan data for regionsof the world whereN deposition hasreantly startedto increase or is

expededto increasein the future.
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Table 1. Mechanisms of N deposition effects on plant diversity in major groups of ecosystems derived from experimental studies. Entries in parenthesis show
number of studies cited for a particular mechanism and mean importance score (based on expert judgment: 1 = low; 2 = medium; 3 = important; 4 = very
important; 5 = main driver). The risk of the impacts listed occurring in the field based on expert judgment (where: + high; * intermediate; - low; ? unknown risk)
and the suggested threshold for damage (*tentative; **quite reliable; ***reliable) based on experimental evidence discussed in this paper are also shown.

Ecosystem type (number (a) Direct (b) Accumulation of N compounds, (c) Long-term (d) Soil-mediated (e) Increased susceptibility to Suggested
of studies cited in Technical | toxicity of resulting in changes of species negative effect of effects of acidification secondary stress and thresholds
Annexe 1) nitrogen composition ammonium and disturbance factors for damage
gases and ammonia (kg N/halyr)
aerosols to
individual
species
Polar desert (1) - Only significant vegetation responses 5-10*
when N was applied in combination with P
Alpine tundra, alpine/sub- + Decreased cover of shrubs, moss and 5-15** (a
alpine scrub and grassland lichens and increases cover of grasses or critical load
@ sedges (7/7; 4) range see
Table 2)
Boreal forest (2) + Decreased shrub and moss cover, + Increased disease incidence 5-10** (a
increased grass cover (2/2; 3.5) and insect damage to (1/2; 4) critical load
range see
Table 2)
Temperate forest (see text) + only near + Decrease in herb layer richness (see text; + only near major + increase in + increased herbivory on 10-15** (a
major 5) sources (see text; 5) nitrophilous, acid- sensitive species by increasing critical load
sources tolerant species at sites foliar quality and decreasing range see
(see text; 5) with higher levels of N secondary defence compounds Table 2)
deposition (see text; 3) (see text; 4)
Mediterranean grasslands + increase in exotics, replacing native - only downwind of - mostly on well buffered + grazing may remove N; 5-10*
4) species (4/4; 5) major ammonia soils exclusion of grazing increases N
sources loading and exotics
Temperate heathlands (see | Little Accumulation of N linked to increased Not crucial for shrub Not crucial for shrub Increased herbivory, winter 10-25 *** (a
text) evidence mineralization and hence increased potential | replacement by replacement by grasses | injury and drought damage critical load
that this is for grass species to out-compete ericaceous grasses but may be but may be important for | important to open shrub canopy | range see
significant shrubs important for other other pH sensitive and increase grass Table 2)
NH, sensitive species | species competitiveness
Temperate grasslands (see Little Experiments with control of other soil factors No evidence that Evidence that Little evidence that such effects 10-30 *** (see
text) evidence indicate N accumulation can explain direct effects of soil acidification is important | are important Table 2)
that this is cumulative loss of species over time solution NH, are and effects are reduced
significant important on better buffered soils
When P is limiting,
ability to maintain P
acquisition as N
increases is important
Mediterranean chaparral (2) | - + Increase in nitrophilous lichen species (2/2; 4) + mostly on well - Low probability of plant 6** (lichens)

abundance (2; 5);

+ Decreased diversity of mycorrhizae and
enhancement of less mutualistic species
(2/2; 4.5)

buffered soils, but soils
in southern California
with high N deposition
have acidified

diversity effects except on
disturbed sites (e.g., frequent
burns or road cuts), but role of
added N not tested

25-40*




Ecosystem type (number (a) Direct (b) Accumulation of N compounds, (c) Long-term (d) Soil-mediated (e) Increased susceptibility to Suggested
of studies cited in Technical | toxicity of resulting in changes of species negative effect of effects of acidification secondary stress and thresholds
Annexe 1) nitrogen composition ammonium and disturbance factors for damage
gases and ammonia (kg N/halyr)
aerosols to
individual
species
Mediterranean forest (1) + Dramatic alteration of lichen communities; + Lichen community + mostly on well prolonged drought years, bark 3-10**
+ some evidence of understory invasion by shifts begin at ca. 3 buffered soils, but beetles, ozone, multiple stress
exotics (1/1; 4) kg N ha-1 yr-1; shift severe soil acidification induced mortality and fire
from acidophyte in most polluted sites in
functional group Southern California
dominance at 5.7 kg
N ha-1yr-1;
Extirpation of
acidophytes at 10.2
kg N ha-1yr-1 (1/1; 4)
Semi-desert and desert + Exotic grass encroachment (1/1; 5) - mostly on well buffered | + build up of exotic grass 5*
soils biomass creates fire-sustaining
fuel loads in deserts; threshold
of 5is for a wet year
Tropical savannas * increase in sedge, loss of grass and forb - Vegetation already + interaction with herbivory ?
species richness; adapted to acidic soils + increase of fire intensity due
+ long-term N addition favours the invasion to invasion of exotic grasses
by exotic grasses and might lead to loss of
biodiversity of the herbaceous layer.
+ In seasonally dry tropical ecosystems,
besides interactions between N and P,
changes in water use efficiency might be
related to responses to N enrichment with
consequences to species abundance and
composition.
Topical rain forest" + differential species (and within species) - Vegetation already + delay in succession after ?
(lowland) response to nutrient addition adapted to acidic soils disturbance through invasion of
(see Matson et al. 1999) | herbaceous plants
Tropical dry forest + differential species response to nutrient ? + interaction with herbivory ?
addition
Tropical montane forest + differential species response to nutrient +/? Partly on soils with ? ?
addition; low cations
* Invasion by exotic species following
nutrient addition
Tropical and subtropical ? ? ? ?
wetlands
- ? ?

Mangroves

+ mostly N-limited vegetation, but open N
cycle

Thehigh compositionakndstructuraldiversity of tropicalforeds presentanadditional chdlenge for interpreting resultsof nutrient amendmenéxperimentsbecausenotall spesiesin the
ecesystemneedbelimited evenwhenthe overal ecasystemprocesss arenutrient limited. Indeed, evenwithin spedes,same individualscouldbe limitedandothers not,due,for examplefo
different crownexposurgTanneret al.1998).







Table2. Ovenview of Europeanempirical critical loads br nitrogen deposition (kg N ha* yr?) to naural and seni-natural
ecosystms (classifiecaccording EUNIS). ## relisble; # quite relidle and §) expertjudgement. (adapted after Bobbink et al.
2003).

Ecosystemype EUNIS- kgNha' Reliability Indication of exceedance
code yrt
Foresthabitats (G)
Temperdeforests - 10-15 # Changedspeciecompositionjncreasef

nitrophilousspecies,increaedsusceptillity to
parasites, changes in mycorrhiza

Boreal forests - 5-10 # Changesn ground vegetation,
mycorrhiza, increasedisk of nutrient
imbalarcesandsusceptility to parasies

Heathland, scrub and tundra habitats (F)

Tundra F1 5-10 # Changesn biomass physiological effects,
changes$n speciexompositiorin moss lger,
decessein lichens

Arctic, alpineand F2 5-15 # Declinein lichens,mosss andevergreen

subalpinescrubhabitats shrubs

Northernwet heath F4.11 10-25 #) Decreasetheather dominarce, dedinein
lichens and mosses, Tansitionheater to
grass

Dry heaths F4.2 10-20 ## Transitionheather to grass, delinein lichens

Grasslandsand tall forb habitats (E)

Subatlanticsemidry E1.26 1525 #t Increasadall grassesdeclinein diversty,

cdcareousgrassand increasedminerali zation, N leaching

Non-mediterrameandry E1.7 10-20 # Increasen graminoids,declinetypical

acidandneutal closed species

grassland

Inlanddune gasslands E1.94 10-20 #) Decreasén lichens,increasebiomass,

&95 increased suession

Low andmedium altitude E2.2 20-30 (#) Increasen tall grasses, dereasein diversity

haymeadows

Mountain haymeadows E2.3 10-20 #) Increasen nitrophilousgraminoidscharges
in diversity

Molinia caerdea E3.51& 1-25 # Increasen tal graminoids,decreased

meadowsheath(Juncu3g .52 diversity, decreas®f bryophytes

meadowsandhumid
(Nardus strcta) swards

Alpine andsubalpine E4.3and 5-10 #) Increasen nitrophilic graminoids,

grasslands E4.4 biodiversitychange

Mossand lichen E4.2 5-10 # Effectsuponbryophytes orlichens

dominatedmountain

sunmmits

Mire, bogand fen habitats (D)

Raisedandblanketbogs D1 5-10 #t Changén speges composition,N saturdion
of Sphagnum

Poorfens D2.2¢ 10-20 # Increasesedgesandvasailar plants,negative
effectson peatmos®s

Richfens D4.1° 1535 #) Increasdall graminoidsdecreae diversity,
deceaseof charaderisic mosses

Mountainrich fens D4.2 1525 #) Increae vasailar plants, deaease bryophytes

Coastalhabitat (B)

Shifting coastadunes B1.3 10-20 #) Biomassncreae,increaseN leaching

Coastaktalle dune Bl1.4 10-20 # Increasetall grassesgeaeaseprostrate

grasslands plants,increasedN leaching

Coastaduneheaths B1.5 10-20 #) Increaseplantproductian, increaseN
leaching, accelerated succession

Moistto wetdune slacks B1.8 10-25 (#) Increasediomasstall graminots

Marine habitats (A)
Pioneerandlow-midsalt ~ A2.64and 3040 (#) Increasdate-successionasperies, increase
marshes A2.65 productivity




Table 3G200 EcoreginswheremeanmodelledN depositon for CLE 2030015 kg N /ha/yryaluesfor all otherscenariosilsoshown; figuren
bracketss the maximum estmateddepositiorfor eachecoregion.

G200 G200 Region with CLE Mean N > 15 Kg N /ha/yr Baseline MFR 2030 CLE 2030 SRES A2
2000 2030
Deserts and Xeric - - - - -
Shrublands
Mangroves Sundarbans Mangroves 20(26) 27(35) 32(40) 33(40)
Mediterranean Forests, -
Woodlands and Scrub
Montane Grasslands and Tibetan Plateau Steppe 14 (29) 15(24) 15(29) 16(40)
Shrublands
Eastern Himalayan Alpine Meadows 14(19) 17(30) 18(32) 16(25)
Temperate Broadleaf and Appalachian and Mixed Mesophytic Forests 14(16) 10(10) 15(17) 18(22)
Mixed Forests
Eastern Himalayan Broadleaf and Conifer Forests 15 (21) 21(33) 23(36) 20(30)
Western Himalayan Temperate Forests 16 (22) 25 25(36) 27(40) 23(36)
Southwest China Temperate Forests 28(40) 26(36) 31(44) 42(59)
Temperate Coniferous Hengduan Shan Conifer Forests 17(30) 16(27) 18(33) 22(46)
Forests
Temperate Grasslands, Rann of Kutch Flooded Grasslands 10(11) 15(18) 17(20) 15(19)
Savannas and Shrublands
Tropical and Subtropical Indochina Dry Forests 13 (16) 17(23) 19(26) 20(26)
Dry Broadleaf Forest
Chhota-Nagpur Dry Forests 25 (27) 28(42) 43(47) 40(42)
Tropical and Subtropical Terai-Duar Savannas and Grasslands 21(25) 34(41) 37(45) 30(36)
Grasslands, Savannas and
Shrublands
Tropical and Subtropical Annamite Range Moist Forests 12(15) 15(19) 17(22) 19(24)
Moist Broadleaf Forest
Kayah-Karen/Tenasserim Moist Forests 13(14) 18(23) 20(24) 19(25)
Southwestern Ghats Moist Forest 13(15) 16(21) 20(25) 20(25)
Naga-Manapuri-Chin Hills Moist Forests 14(26) 20(38) 22(42) 22(36)
North Indochina Subtropical Moist Forests 17 (30) 20(28) 22(33) 26(46)
Eastern Deccan Plateau Moist Forests 21(26) 31(40) 35(44) 32(40)
Southeast China-Hainan Moist Forests 26 (43) 24(40) 29(47) 41(65)
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Captions of figures.

Figurel.

Scheme of the main impacts of increased N deposition on terrestrial ecosystems. y indicates
increase; Zindicatesdecresse; sdid arrow: effectwill occurin theshortterm ( Gyrs); tinted
arrowindicaeslong/termimpad. (+): posiive feetback, (-): negative feecback. Adaptedand

published with permissionfrom Bobbink and Lamers (2002).

Figure2.
The species-richness ratio (i.e. the ratio of the mean number of plant species in the N-treated
vegetation andin the control) andthe nitrogenadditionin field experiments in dry and wet

grassénd typesacrossturope (publishedwith permissionfrom Bobbink 2004).

Figure3.

The species-richness ratio (see fig 2) andthe exceedarce of the empirical critical nitrogen
loadsin Europearaddition experiments in dry and wet grassand types,wetlands,(sub)arctic
andalpine vegetation and temperate foreds. (n=44; additions for two of more years,forests>

4yrs,<=100 kg N ha* yr* ; publishedwith permissionfrom Bobbink 2004).

Figure4.
The computed total nitrogen (NHx andNOy) deposiion calculated with the TM3 model
(Gdlloway etal. 2004) and the average modd results preserted by Dertener etal. (2006) for

1860and2000.
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Figure5. Overlay betweenthe G200 Ecoregions (WWF) with Total N Depostion for 2000
(top) and2030 SRES A2 scenalio (bottom) (Mean ACCENT moddled N deposiion from

Denteneretal. 2006).N depositon to areasoutsidethe G200 Ecoragions is not given.

Figure 6. Percentage areaof G200 terregrial ecosystans (WWF) with a caculatedmean
deposition> 10 kg N ha1 yr-1 for the 2000 baseline,CurrentLegislation (CLE), Maximum
Feasble Reduction (MFD) and the pessimistic IPCC SRES A2 scenarios as inputs to a multi-
model evaluation (Denteneretal. 2006). Number in italics shows the number of G200

Ecoragions in the area aff ected by eachscenario.
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