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Human activities have more than doubted the amount of nitrogen (N) circulating in the biosphere. 
One major pathway of this anthropogenic N input into ecosystems has been increased regional 
deposition from the atmosphere. Here we show that atmospheric N deposition increased the 
stoichiometric ratio of N and phosphorus (P) in lakes in Norway, Sweden, and Colorado, United 
States, and, as a result, patterns of ecological nutrient limitation were shifted. Under low N 
deposition, phytoplankton growth is generally N-limited; however, in high-N deposition lakes, 
phytoplankton growth is consistently P-limited. Continued anthropogenic amplification of the global 
N cycle will further alter ecological processes, such as biogeochemical cycling, trophic dynamics. 
and biological diversity. in the world's lakes, even in [akel far from direct human disturbance. 

A ll of' Earth's major bIogeochemical cycle;; 
have beL"!1 altered by human popul;Jtion 
exp.msion and industriali7.ation (I). h1 

particular. the total amount of circulating nitrogen 
(N) in the biosphere has increased by more than 
100"/;, (2). Muell of this N is in the fomt ofoxidized 
and reduced reactive N species (NO. and NHJ, 
which are produced as byproduct.<; of fossil lild 
combustion and fium as'TiculLlmll emissiol'ls from 
cmplands, rangeland" and indusn'i,lIlivel'!ock feed
ing operations. Reactive J\' i.s transported rcgionally 
through the <IlJIlospocrc and deposited in tt.'lTCStrial 
ancl aquatie habitats via rain, snowfall. and dry 
deposiiIon (3). CO!lSIderable previous work ha:; 
evaluated the biogeochemical and 1X.'Qlogical im
pacts of this aLmo~'Pherie N deposition on terrestrial 
cc~ystems (4) and was pClfonned bceatl5e primary 
production in Ierrcstrial systems is often limited by 
N U\'ailability (5). The effects of atrnosph.crie N 
de/Xlsition on freshwater ecosystems, howcver. 
1mve nl11 been nol widely studied, perhaps because 
lake primary production is generally thought 1.0 be 
limited by phosphorus (P) (6). However, the 
)1urponcd primacy or P limitalion of lake 
productivity (7) has been challenged by some 
recent expenlllenlal and comparative <l<;scssmcots. 
suggesting frcqu.eOi phytoplankton N- and hghl
lImitalion in lakes (5, 8. 9). The effeets of 
atmospheric N deposition 00 lake phyroplanklOn 
hltve several important implications. For example. 
fimdamenlal phy(()planklon biomass-P loading 
relariOllships may be a fulK:tion of atmospheric N 
inputs (J 0). Furthenno[C, incrca.'l:Xl KP supply 
ratios might reduce pby10plankton diversity by 
favoring those relatively few species with strong 
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compelllivc ahilille~ fill' using P (If). Enhanc;txl 
phytop!ankton P limitation call~ed by c1cvalaJ N 
loading Irom the atmosphere mllY also affect the 
ftmctioning of lake food webs, because P-Jinllted 
alga~ are Imo"m to be poor-quality food ror eon
s\.u.ners StIch as zooplankton (J2). 

We analyzed 2053 lakes in Nor"'.,,}' (385 lakes) 
and Swedt;I1 (1668 lakes) ilial n:presenl both high
and low'--j'l deposition condilion, to detennine 
whedler elevated atmospheric N input- alfcet lake 
phytoplanl..1on nutrient supphes in LL"!n15 of COl1cen
L-atlons and /atios of total N (TN) and lotalP (11'). 

AddibonaUy. we perJonnlXl a eornprchCl18ive study 
of nUlJlent com:enlJiltions and phytoplankton III ihl 

ent linlitntion (via N ,U1d I' enrichment bioassay ex
pa1menl~) in high- and low-<leposilioll lakes bolh in 
southern Norway cUid in thecenlnil ColordJo Rocky 
MOlmtains, United States (f3). 11lcse dma were 
combined with data from previous studies OD high
ilnd low-dcposition lakes in south.em and nortbCOl 
Sweden (14), Te>ulting in a ovemU asse>~m.:nl 

involvmg nenrJy 90 NIP enriebment expcrirnenb. 
In eaeh or the three sludy regions. lakes receiv

ing e1e\'uted N deposition hill.! significantly elevated 
surtke..water nitrnte (NO·,-) cont.'cnn(\tlons rclanve 
te lo\\..dcposition Jakcs (-sevenfold higher ov~ra.lt. 

Table J). hlCrc.·JSed N deposition was also associ
ated \\·iU1 eonsidembly higher ovemll lake N eOIl
centrations and higher availability of ~ compared 
to P (Table I and t;lbl~ SI). In the lakes sampled 
for Ihe bioassay sludies (Table I), avenlge TN:IF 
ratios were aboul 2 to 5 times higher ill high
de/Xlsition lake;;. Tllis pattcm was confilTTled in the 
large Scandinavian da~ seL in which O.1C slopes of 
TN venn;; TP relalionships ill Norway mid Sweden. 
were 2 to 2.5 times higher in high-deposiliol1 lakes 
!him in l<Jkes recei\'lJ1g N loading closer 10 back
lo1found levels (Fig. I). The slopes of the 1N versus 
11' n:lationshlps in low-deposition lakes 1.11 the 
largc-~cale Norv.:~y and Sweden lake surveys (FIg. 
I) were sill1dar to the <l\'cro.g(' -fN:11' ratio, ob
served in the !akes Ilsed in our exrelimental studIes 
in Non....ay and Sweden Crable I). suggesting thai 
lhe low-dejX1sition lakes involved in Ollr bioilSSClYS 
were representalive or lhe larger population of 

lmaffected Scandinavian lak~. However. TN:TP 
ratios in the Scandinavian hIgh N dcposihon lakc..-;; 
includecl in the experimental slUdies (Table I) were 
somewhilt higher LWm the slopt-'S or the TN veniUS 
TP relationships, perhaps IOdicating thai our 
experimental studies invol_ed lakes with Slronger 
N deposilion than the overall populalion d~lSsiried 

a~ "Iugh depOSItion" 111 the lake survey ana.lyses. 
Changt.':; of N:P stoichlC)l\leny indicate ailered 

ralterns of phytoplanklDn l1utnem limitation. Nutri
ent enriehmelll biDassays demonstrated an lIlVcrse 
relal10nship betv,:een ph)'10plank.lon N and I' lim
italion. consistenl with Liebig-lype resource Iimila
lioll (J5) in winch significanl dl<1.l'lges are ()bserved 
in ~lx)nse 10 (me nutrient or the other (en- neither), 
but 1m! 10 enrichments ofN Of P made sl:.'parately in 
the sanle experiment [F19. 2 >\: lakes with high 
values of both response l<llios (defined a~ t'le final	 

(J) 

ch.lorophyll levels noml<1lizeJ to connul samples)	 o 
o 

[l)f N flUt-N) and for P (RR-P) w~re not observed]. N 

11le data lI1clJcale shiJL~ 111 phylopl,ll1kton nutrient CO 
'-Jinlllation caused by elevated aimosphenc N dep· (I) 

osition in each of the thrre study n:gions. In NO) .n 
E 

way, no experiment in lakes recclvlng low levels of	 (I) 

N depOSition proVided evidence' orphy1opJanktOD P	 o > 
Zlimitation, but 12 of 19 experiments mdieauxl a 

primary N limiultion CrabLe I and table S2). In o
c 

contrast, under elevated N depoi;ilion, no expen 0; 

qment produced any sign ofNlilnitalioll. wherea.> 13 
Q)

of 1g suggl:Stcd phytoplankton P limitation. RRs	 m 
,n:prescnling the impad of N or P limitation on 

phytoplankton biornass also showed similar Ir1:nds 
wilh N deposition levels (Table l). The strength of 
this conlmSt is somC\.vl!al surpnsing. because N 
deposition levels in the low-deposilion region of 
Norwaylhal \V~studi<Xl(--4.5 kgN ha-1year-i) are 
actually somewh~il elevated relative to ualurdl 
buckgroumj levels round rl\lther nOlth (16). 

In CololCldo. similar OVcr:lll trends WCI1': ob
served; phy1oplankton growth in high N deposltlon 
lakes ,",'<IS P-limilcd, whel\:as in low-N deposition 
lakes. it was primarily N-lirniled (fahle J) (/7). 
Allhough constrained to a sboner sampimg lime, 
spring and early summer experimenL, in Sweden 
(14) also showed signs of'lhe same pattern _,cen in 
NOlwayand ColOlado (Table 1). In all the sampled 
area~, response ratJ~ were: generally COllsis1cni 
With all ecologrcal nnpaet. ordistortcd N:P supplies 
caused by atrnt)spheric f', llIpllL<, CHlble l). Tile 
relative balanee or phytoplankton N vrn,us I' 
limitation (RR-NiRR-Pl Wit;, inve~ely rel<lltxi «() 
the lake TN:IF I<lt.io (Fig. :;B). Beiow a TN:TP 
value of -·44.2 (by atoms). the large majority of 
expemncnts indiC<lted f','-limited phYlopianklon 
growth (RR-N/RR-P > 1). and the lakes were 
entirdy in 10w-<1epo5ition a.rcas. Above it TN:TP 
vallIe of-J 10, phyloplanklon were consistenlly P
limited. and the lakes were almost entirely (With 
one excepl.lOn) in hlgh-derosillon arC<Js. Altemuons 
in lake N:P s[oichiomeby brought aboul by al
mospheric J\' dcpo~tion have lherefore produced 
slInilar sllifts in phy1opJankton nuni<-11t limitation 
across a wide vanety of Jakes on ffi'O eontmcnlS. 

Wlleleas ovcraU effeets of]\' deposition were 
genemUy similar [or tile three geographie regiQrts 
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Ta ble 1. Effects of atmospheric N deposition on average nutrient concentrations average RRs for enrichment by N or P or Nand P (J3). The type of lirnital10n 
and ratios as well as on quantitative and qualitative phytoplankton responses to indicates the rei£ltive frequency of primary limitation or sequential colimitation 
N or P enrichment in three regions. High-and tow-deposition lakes are compured by N or P as described in the supporting online material. n.5" not significant P 
for each region and overall (via t test for quantitative parameters or chi-squared values in parentheses indicate the results of a I test comparing mean values for 
test for type of nutrient limitation), Quantitative measures are given as the high- and low-deposition lakes for each region or for the entire study. 0) 

o 
Type of limitation o 

Number TN:TP N 
Country Deposition NO, (jLM) TN (pM)	 RR-N RR-P RR-N/RR-P

of lakes (atomic)	 N P CD 
..... 

considered, the collsi~iellcy and m~gnitude of iLn
pact did vary soml:whm both betwcen and among 
legIOns- Difference:" in the impact of l\' deposition 
between regill1lS may rellect vnrulble N-Ionding 
grad ients between high- and low-deposillOII art,1S; 
however, the similmilv in lhe N-deposiliall grddients 
III thc IhTte study regions (Table i) suggests that this 
is unlikely to explain ddK,'fcnecs i.ll the appan;:nt 
cf1Cct of N deposition on phytoplankton Ilutncn( 
limitabon, It sccms more likely thaI belween-reglon 
difibmees reflect contrastS in the rewtive imp....lCl or 
watershed "IeJ:.<elalion on inleTCepling N. h1 Sweden, 

lakes Wt-'fC locaLed In foresLcrl catchments, whcrl:3.s 
wakrsheds of lakes in Norway and Colorddo were 
gel1el<I!ly unforcsred. This may explain why the 
erreCLS of N depo,ibon on phytoplankton Llntri~l 

limilalion III Sweden were somewhat modest 
compiU-ed with the elfects SOO1 in Colorado ,md 
,~;pec~lHy Nor,,,,ry; differences IJJ NiP limiLaliol1 
between high- and iow-dqxlsltion ar~s 1)1 Swcxlcn 
appL:ar to be contlncd to the early g,'OWll1g SCa..,OI1. 

whc.'rI farcst uplnke of 1J10rgamc N is hn nll-d \'4). 
Within-region variations may reneet variou~ local 
fiJ(:lOr> thai impinge on ovemll N anJ P supply and 

loss rates. such ,~~ those associaLed WIUl grologlcal 
substmta, now paths taken by inl10w w<ucr, or the 
extenl ofwctland or Jake dcnib'ificatJon (/6) 

Our fllldingl> show (hat, despite (he pOlenl1al or 
watershed \'egetatlOll lIpulke and se<;Junenl de
l1ini{jc~lian to buHh lakes agamsl elevated N 
[oadmg, lI1creased mputs or <Jllthropogenlc N h,lve 
accLlnmlatcd m receiVIng Walen,. A.s a r~'SuIL, shills 
III lake N:P stOlchJomGtry have alL"1\xJ CCOIOgIC,ll 
nUlrient Iimi\atlon of phytopwnkum g.n:.1"'ih. Phy
topl::mkton U1 lake;; that an; less mfhJenecd by an
thropogenic inputs expcrience rel.:niveiy b(lIanceJ 

Norway tow 19 0.11 9.81 0.34 
(-4.5 kg/hal 

High 18 2004 26.7 0.17 
(-8.5 kg/hal 

P < 0.0001 P < 0.0001 P < 0.0001 

United Low 20 4.27 7.54 0.16 
States (-2 kg N/ha) 

High 16 11.9 16.5 0.15 
(-7 kg N/hal 

P < 0,0001 P < 0,0001 n.5. 

Sweden Low 7 0.12 8.02 0.25 
(-2 kglha) 

High 7 0,89 14.2 0.24 
(-6 kglhal 

P < 0.011 P < 0.01 

Total Low 46 2,01 8.79 0.25 
High 41 13.6 20.1 0.17 

P < 0,0001 P < 0.0001 P < 0.001 
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Fig. 1. The effect of atmospheric N deposition on lake N:P stoichiometry in (p < 0,0001 and R< = 0.16 to 0.40). The slopes for TN versus TP relationships for 
Scandinavia. Compared to low-deposition lakes (gre€n). lakes leceiving high the high- and low-deposition lakes were 76 and 32, respectively (Norway) and 43 
atmospheric Ndeposition (red) have higher TN concentrations for a given level of and 23. respectively (Sweden). For clarity, values for TP for high'deposition lakes 
TP in both Norway (A) and Sweden (8), All relationships were highly significant were offset by -{l.015 IJM sa that they did not overl.'lp with low-deposition data. 
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Fig. 2. Phytoplankton Nand P limitation as a function or atmospheric N clustered on the y axis, indicating primary N limitation, whereas those from (J) 

deposition in lakes of Norway (circles), Sweden (squares), and Colorado high-deposition la kes (red) are clustered on the x axis, indicati ng prima ry P o 
o 

(triangles). Lake phytoplankton that respond strongly to N have a weak [imitation. The relative phytoplankton response to N compared with P (RR N 

response to P and vice versa (A). Horizontal and vertical lines delineate NIRR-P) is strongly dependent on lake TN:TP ratio (B), which itself is dependent c.D 
L..response ratios of 1, indicating no response of phytoplankton biomass to on Ndeposition. Values greater than 1 indicate that Nhmitation predominates (lJ 

enrichment of that nutrient. Results from low-deposition lakes (green) are in that lake, whereas values less than 1 indicate that P limitation predominate;. .0 
E 
(lJ 
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looplanklon because of unsuitable biochemical Ecology 90. 30ul (2009). R~feren{es c 
13. S.]. I"erland', S. S. Kilham, Eco109)" 82. 1270 (200l)	 ~compositlOn (:?.?) or low P o:mtenL (23). Indttd,	 o19 R. Bobblnk. Ii Hornung, :. G. M Roe',als,J Erol B6, 717 12 Ma~' 2009: accepted 11 AdgdSl 2009

LIm is possible in the Colorado and Norway lakes	 o(1998l. 10.1126/50e()(e.11761~9 

Ihat '>ve studied, in which particulate bioma--~s 

I seston) C:P and KP ratio~ were signi ficantly 
higher (P < IJ.(XJ6) ill high-deposition takes (240 
versl1S 197 C:P by atoms, and 36.2 versus 26.7N:P 
by atoms). Thus, sU5Ulincrl N depo~ition that gen
erates ~Ioicillornelne lrnba.lance belween P-limited. 
10w-P phyll'plankton and Iheir P-rich zooplankton 
c(Jnsumrn. (/21 m~l' result in reduced prlxluc[um 
or highcr trophic levels, such as fish. Pn~jected 

merca~cs j n global atmospheric N b'anspOli during. 
lilC comi.ng decades (241 arc likely to substa.ntially 
mnlJ~IlCe Ule ~cology of lake food webs, even in 
lakes far fTl.lnJ direct hUUJan dislurbmce. 
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Abiotic Gas Formation Drives Nitrogen 
loss 'from a Desert Ecosystem 
Carmody K. McCalley' and Jed P. Sparks 

In arid environments such as deserls, nitrogen is often the most limiting nutrient for biological 
activity. The majority of the ecosystem nitrogen flux is typically thought 10 be driven by production 
and loss of reactive nitrogen species by microorganisms in the soiL We found that high soil-surface 
temperatures (greater than 50°C), driver. by solar radiation, are the primary cause of nitrogen 105s 
in Mojave Desert soils. This abiotic pathway not only enables the balancing of arid ecosystem 
nitrogen budgets, but also changes our view of global nitrogen cycling and the predicted impact of 
climate change and increased temperatures on nitrogen bioavailability. 

A
fter the pn::scnce of ""aler, nitrogen ~ojJ K, and regions such as dcsel1s. dly slmlb
DvaiJahihty is thc primary constraint (0 lands, and s~vannas o [",en lack bioavailablc 10nns 
b:oiogieal actll.ity tn I)lany arid eCO,Y5 o[ N (2. 3). Input:> and los,e, of biologically 

terns (i). Despllc the existence or large poob of ilvililable N therefore dircctl;, alfect ccosystem 
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