Shifts in Lake N:P Stoichiometry
and Nutrient Limitation Driven by
Atmospheric Nitrogen Deposition
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Human activities have more than doubled the amount of nitrogen (N) circulating in the biosphere,
One major pathway of this anthropogenic N input into ecosystems has been increased regionat
deposition from the atmosphere. Here we show that atmospheric N deposition increased the
stoichiometric ratio of N and phosphorus (P) in {akes in Norway, Sweden, and Colorado, Unitad
States, and, as a result, patterns of ecological nutrient (imitation were shifted. Under low N
deposition, phytoplankton growth is generally N-limited; however, in high—N depasition lakes,
phytoplankton growth is consistently P-limited. Continued anthropogenic amplification of the global
N cycle wili further alter ecological processes, such as biogeochemical cycling, trophic dynamics,
anrd biological diversity, in the world’s lakes, even in lakes far from direct human disturbance.

il of Earth’s major brogeochemical cycles
Ahave been altered by human population
expansior: and industrialization (/). n
particular, the total amount of circulating nitrogen
(N) in the biosphere has increased by more than
100% (2). Much of this N is in (he form of oxiclized
and reduced reactive N species (NO, and NH,),
which are produced as byproducts of fossil fuel
combustion and from agricullural emissions from
croplands, rangelands, and industrial livestock feed-
ing operations. Reactive N is transported regionally
through the atmosphere and deposited in terrestrial
and aquatic habitats via rain, snowfall, and dry
depositon (3). Considerabic previous work has
alvated the biogeochemical and ecological im-
pacts of this atmospheric N deposition on terrestrial
ccosystems (4) and was performed becausc prirnary
production in lerrestrial systems is ofien limited by
N availability (5). The effects of atmospheric N
deposition on freshwater ecosystemns, however,
have nol been not widely studied, perhaps because
lake primary production is gencrally thought 1o be
Tinited by phosphorus (P) (6). However, the
purported primacy of P limitation of lake
productivity (7) has been challenged by some
recent expeninental and coinparative assessments.
suggesting frequent phytoplankion N- and hght-
hmiation in lakes {5, & 9. The eflects of
atmosphenic N deposition on lake phytoplankion
have several important implications. For example,
fundamental phytoplankion biomass—P loading
relanionships may be a function of atmospheric N
inputs (/0). Furthennore, increased N:P supply
ralios nught reduce phytoplankton diversity by
favoring those relatively few species with strong
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competitive abilies {or using P (/7). Enhanced
phyvtoplankton P limitation caused by clevaled N
loading [rom the atmosphere may also affect the
functioning of lake food webs, because P-finited
algae are known (o be poorquality food for con-
sumers such as zooplanklon (12).

We analyzed 2033 lakes in Norway (385 lakes)
and Sweden (1668 lakes) that represent both high—
and low—N deposition conditions fo determine
whether clevated atmospheric N inputs affect lake
phytoplankiom nurient supphes in torms of concen-
trations and ratios of total N (TN) and Iotal P (TP).
Addinonally. we perfonned a comprehensive study
of nutnent concentrations and phyloplankion num-
ent limitation (via N and P enrichment bioassay ex-
penments) in high- and low~lepositon lakes both in
southem Norway and in the ceniral Cotorado Rocky
Mountains, United States (/3). These daw were
combined with data from previous studies on high-
and low-deposition lakes in southem and nortbem
Sweden (74, tesulling in a overall assessment
involving nearly 90 N/P enrichrment experiments.

In each of the three siudy regions. lakes receiv-
g elevated N deposition had significantly clevated
surface-water nitrate (NO+7) concentrations relanve
to low-deposition lakes (~sevenfold higher overall,
Table 1). Increased N deposition was also associ-
ated with considerably higher overall lake N con-
centrations aud higher avalability of N compared
10 P (Table | and table S1). In the lakes sampled
for Ihe bioassay studies (Table 1), average TN:TP
ratios were about 2 to 5 tmes bigher i high-
deposition takes. This pattern was confirmed in the
large Scandiravian data seL in which the slopes of
TN versus TP relationships i Norway and Sweden
were 2 fo 2.5 timces higher in high-deposition {akes
than in Jakes Teceiving N loading closer 10 back-
ground levels (Fig. 1). The slopes of the TN versus
TP aelationships in low-deposition lakes m the
Jarge-scale Norway and Sweden lake surveys (Fig.
1) were shndlar to the average TN:TP ratios ob-
served in the fakes used in our experimental studics
in Norway and Sweden (Table [). suggesting that
the low~leposition lakes mvolved in our bioassays
were representalive of the larger population of

unaffected Scandinavian lakes. However, TN:TP
ratios i the Scandinavian Iugh N deposition takes
inclnded] in the experimental studics (Table 1} were
somewhat higher than the slopes of the TN versus
TP relationships, perhaps indicaling that our
experimental studies involved lakes with stronger
N deposilion than the overall population clagsified
as “lugh deposition” m he lake survey analyses.

Changes of N:P stoichiemetry indicate altered
patterns of phytoplanktion nutnent limitation, Nutni-
ent enrichinent bioassays demonstrated an mverse
relagonship between phytoplankion N ané P lim-
ilalion, consisten! with Ligbig-lype resource liniila-
tion {75) in winch significant changes are observed
in tesporise (o one nutrient or the other (or neither),
but not to ennichments of N or P made separately in
the same cxperiment [Fig. 2A: lakes with high
values of both response ratios (defined as the finat
chiorophyll levels nonmalized ¢ connol samples)
for N (RR-N) and for P (RR-P) were not observed].
The data indhcate shifls m phytoplankton nutrient
Jimiation caused by elevated aimosphenc N dep-
asition in each of the three study regions. In Noi-
way, no expeniment in lakes recciving low levels of
N deposition provided evidence of phyvioplanktor P
Jimitation, but 12 of 19 experiments ndicatcd a
primary N lumitation (Table 1 and table S2). In
contrast, under elevated N deposilion, ne expen-
ment produced any sign ol N Tinittion, whereas |3
of 18 suggested phyvioplankton P limitation. RRs
representing the tmpact of N or P limitation on
phytoplankton biomass also showed sumilar trends
with N deposition levels (Table 1). The strength of
Lhis contrast is somewhat surprising, because N
deposition levels in the low-deposition region of
Norway thal we studied (~4.5 kg N ha™" year ) are
actually somewhat elevated relative to natural
background levels found fuether nouth (/6).

In Colorado. similar overall frends were ob-
served; phytoplankton growth inhigh N deposition
jakes was Pelimited, whereas in Jow-N deposition
lakes, it was primarily N-limited (Table 1) (77).
Although constrained Lo a shorter sumphing tiroe,
spring and early summner cxperiments in Sweden
(/4) also showed signs ol the same patiem seen in
Narway and Colorado (Table 1), In ail the sampled
areas, response ragos were generally consistent
with an ecological nmpaet ol distorted NP supplies
caused by almosphenc N wpuls (Table [). The
relative balance of phytoplankion N versus P
limitation (RR-N/RR-P) was inversely related io
the lake TN:TP ratio (Fig. 2B). Beiow a TN:TP
value of ~44.2 (by atoms). the large majenty of
expemnents indicated N-himited phytopiankion
growth (RR-N/RR-P > 1), and thc lakes were
entirely in low~leposition arcas. Above a TN:TP
value of ~i 10, phytoplankton were consistenily D-
fimited. and the lakes were almost entirely (with
one exceplion) in high-deposition areas. Alteratons
in iake N:P stoichicmetry brought aboul by al-
mosphenic N deposition bave therefore produced
sunilar shifts in phytoplankton nutrient limitation
across a wide vanety of lakes on wo contments.

Whereas overall effeets of N deposition were
generally sinular {or (e three geographic regions
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considered, the consistency and magnitude of im-
pact did vary somewhat both between and among
regions. Diflerences in the tmpact of N deposition
between regons may reflect varnable N-loading
gradients between high- and low-deposifion areas;
hawever. the similarity in the N-deposition gradients
m the three study regions (Table i) suggests that this
s unlikely to explain differences in the apparent
effect of N depostion an phytoplankion nutrent
limitation. [t scems more likely thar berween-region
differences reflect contrasts in the relative Impact of
walershed vegetaion on intercepling N. In Sweder,

lakes were located (n foresled caichments, whereas
walersheds of lakes in Nonway and Colorado were
generally unforested. This imay explam why the
effects of N deposition on phytoplankion nutrient
limilation mn Sweden were somewhat modest
compaed with the elfects seen in Colorado and
cespecially Norway; differences m NP limitation
benween high- and iow-deposttion areas m Swoeden
appear © be confined 1o the carly growmg season.
when {orest uplake of imorganic N s [inuted (74).
Within-region variations may reflect various local
factors thal impinge on overall N and P supply and

loss rates, such as those associated eath geolowical
substraw, flow paths wken by inflow water, or the
extent of wetland or take denitiificason (/6)

Our findings show (hat, despite the potennal of

watershed  vegetation uptake and sedunent de-
nimfication to buffer lakes agamst elevated N
toading, wereased mpuls of anthropogenie N have
accumulated m receiving walers, As a result, shifls
i lake N:P stoicluiomeny have allered ecological
nutrient limitanon of phytoplankion growth. Phy-
toplankion in lakes that are less influenced by an-
thropogenic inpuls expenence relarivelv balanced

Table 1. Effects of atmospheric N deposition on average nutrient concentrations
and ratios as well as on guantitative and qualitative phytoplankton responses to
N or P enrichment in three regions. High-and low-deposition lakes are compared
for each region and overall (via ¢ test for quantitative parameters or chi-squared
test for type of nutrient limitation). Quantitative measures are given as the

average RRs for enrichment by N or P or N and P (13). The type of limitation
indicates the relative frequency of primary limitation or sequential cofimitation
by N or P as described in the supporting online matenial. n.s., not significant. £
values in parentheses indicate the results of a t test comparing mean values for
high- and low-depaosition fakes for each region or for the entire study.

Numb N: Type of limitation
Country Deposition o NOs (u) TN (i TP G RR-N RR-P RR-M/RR-P
of lakes (atomic) p
Narway Low 19 0.11 9.81 0.34 32.8 1.64 1.03 1.63 12/19 019
(~4.5 kgtha)
High 13 20.4 26.7 0.17 165 1.04 1.86 0.60 0/18 13/18
(~8.5 kgtha)
P < 0.0001 P<0.0001 P<0.0001 P<0.000)1 P< 00001 P<0.0001 P<0.0001 F<0.0001 P < 0.0001
United Low 20 4,27 7.54 0.16 52.9 132 135 1.24 5/20 4/20
States (~2 kg N/ha)
High 16 11.9 16.5 0.15 126 0,97 1.49 0.72 /16 9/16
(~7 kg N/ha)
P < 0.0001 P < 0.0001 n.s. P < 0.0006 P <0.02 (P<0.06) FP<0.03 (P~012) P<0.03
Sweden Low 7 0.1z §.02 0.25 34.5 1.32 0.96 139 377 077
{~2 kgtha)
High 7 0.89 14.2 0.24 60.2 1.18 1.19 1.04 077 3/7
{~6 kg/ha)
P <0011 P<001 n.s. P<0001 (P~014) P<0.000 (P<0.09 (P<0.10) I(P<D0.10}
Total Low 46 2.01 8.79 0.25 42.2 132 113 1.42 20/46 4146
High 41 13.6 20.1 0.17 131 1.18 1.54 0.72 1/41 25141
P < 0,0001 P<00001 P<0.001 P<«0.0001 P<0.0001 P<0.001 P<0.0001 P«0.0001 P<0.0001
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Fig. 1. The effect of atmospheric N deposition on lake N:P stoichiometry in
Scandinavia. Compared 1o low-deposition lakes (green), lakes receiving high
atmospheric N deposition (red) have higher TN concentrations for a given leve( of
TP in both Norway (R) and Sweden (B). All relationships were highly significant
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{P < 0.0001 and A° = 0.16 to 0.40). The slopes for TN versus TP relationships for
the high- and low-deposition lakes were 76 and 32, respectively (Norway) and 43
and 23, respectively (Sweden). For clarity, values for TP for high-deposition lakes
were offset by ~0.015 uM so that they did not overlap with low-deposition data.
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Fig. 2. Phytoplankton N and P limitation as a function of atmospheric N
deposition in lakes of Norway (circles), Sweden (squares), and Colorado
{trangles). Lake phytoplankton that respond strongly to N have a weak
response to P and vice versa {A). Horizontal and vertical lines delineate
response ratios of 1, indicating no response of phytoplankton biomass to
earichment of that nutrient. Results from low-deposition lakes (green) are
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clustered on the y axis, indicating primary N limitation, whereas those from
high-deposition {akes (red) are clustered on the x axis, indicating primary P
limitation. The relative phytoplankton response to N compared with P (RR-
N/RR-P) is strongly dependent on lake TN:TP ratio (B), which itself is dependent
on N deposition. Values greater than 1 indicate that N limitation predominates
in that lake, whereas values less than 1 indicate that P limitation predominates.
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both labortory and ficld studies (27) have shown
that P-limited algee are poor-qualiy food for
zooplankion because of unsuitable biochemical
compasition {22) o low P content (23). Indeed,
this is possible in the Colorado and Norway lakes
that we studied, in which particulate biomass
tseston) C:P and NP ratios were significantly
higher {P < 0.006) w high-deposition lakes (240
versus 197 C:P by atoms, and 36.2 versus 26.7 N:P
by atoms). Thus, sustained N deposition that gen-
erates sioichiometne tmbalance between P-limited,
low-P phytoplankton and their P-rich zooplankton
eonsumers (/2) may result in reduced production
of higher trophic levels, such as fish, Projected
mereases in global atmospheric N transport during
the coming decades (24) arc likely to substantially
mfluence the ecology of lake food webs, even in
lakes [ from direct human disturbance,
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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 deserts, nitrogen is often the most limiting nutrient for biological
activity. The majority of the ecosystem nitrogen flux is typically thought to 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), driven by solar radiation, are the primary cause of nitroger loss
in Mojave Desert soils. This abiotic pathway not only enables the balancing of arid ecosystem
nitrogen budgets, but alse changes our view of global nitrogen cycling ang the predicted impact of
climate change and increased temperatures on nitrogen bioavailability.

fter the presence of waler, nitrogen
availahility is the prmary constraint lo
hiological activity 1n many arid ecosys-
teims (7). Despite the exisience of large pools of

soil N, anid regions such as deserts, diry shnub-
lands, and savannas ofien lack hioavailablc fonns
of N (2, 3). Inputs and losses of biologicaily
available N therefore directly affect ceosysten
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