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Has nitrogen availability decreased over much of the land
surface in the past century? A model-based analysis
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Abstract A recent publication (Mason et al. in Sci-
ence 376:261, 2022a) suggested that nitrogen (N)
availability has declined as a consequence of multiple
ongoing components of anthropogenic global change.
This suggestion is controversial, because human
alteration of the global N cycle is substantial and has
driven much-increased fixation of N globally. We
used a simple model that has been validated across a
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climate gradient in Hawai ‘i to test the possibility of
a widespread decline in N availability, the evidence
supporting it, and the possible mechanisms underly-
ing it. This analysis showed that a decrease in 8'°N
is not sufficient evidence for a decline in N avail-
ability, because 8'°N in ecosystems reflects both the
isotope ratios in inputs of N to the ecosystem AND
fractionation of N isotopes as N cycles, with enrich-
ment of the residual N in the ecosystem caused by
greater losses of N by the fractionating pathways that
are more important in N-rich sites. However, there
is other evidence for declining N availability that is
independent of >N and that suggests a widespread
decline in N availability. We evaluated whether and
how components of anthropogenic global change
could cause declining N availability. Earlier work had
demonstrated that both increases in the variability of
precipitation due to climate change and ecosystem-
level disturbance could drive uncontrollable losses of
N that reduce N availability and could cause persis-
tent N limitation at equilibrium. Here we modelled
climate-change-driven increases in temperature and
increasing atmospheric concentrations of CO,. We
show that increasing atmospheric CO, concentrations
can drive non-equilibrium decreases in N availability
and cause the development of N limitation, while the
effects of increased temperature appear to be rela-
tively small and short-lived. These environmental
changes may cause reductions in N availability over
the vast areas of Earth that are not affected by high
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rates of atmospheric deposition and/or N enrichment
associated with urban and agricultural land use.

Keywords Carbon dioxide - Climate change -
Disturbance - Nitrogen - Nitrogen-15 - Phosphorus

Introduction

Nitrogen (N) and phosphorus (P) as well as carbon
(C) are among the element cycles that have been
most consequentially altered by human activity
in the Anthropocene. For both N and P, the most
important cause of alteration is the production and
use of industrial fertilizer in conventional agriculture.
In both cases, fertilizer production globally exceeds
the background fluxes of N (through biological N
fixation [BNF] in natural ecosystems and lightning)
and P (through weathering of rocks and minerals in
natural ecosystems) several-fold (Bennett et al. 2001,
Galloway et al. 2008; Falkowski et al. 2008; Vitousek
et al. 2013). In addition, there are other pathways
for mobilization of N, notably BNF in agriculture
(Herridge et al. 2008) and fossil fuel (especially coal)
combustion (Fowler et al. 2013; Liu et al. 2013), and
additional industrial uses for both elements that draw
upon anthropogenically fixed N and mined P (Gu
et al. 2015; Wang et al. 2015).

Differences in the dynamics of N and P are
important when fertilizer is applied to agricultural
fields. Fertilizer P is largely immobile, while N can
move in soluble forms by a variety of pathways
to downstream and downwind ecosystems. This
movement is especially marked where fertilizer
applications are excessive and/or not synchronized
with crop uptake, which is difficult to accomplish
for annual crops for which there is a time of year
(the non-growing season) when no crop is taking up
nutrients. Consequently, the largest losses of P from
agricultural systems are in harvest and in the erosion
of agricultural soils, while losses of N are larger and
occur by multiple pathways to harvest and erosion (as
for P), downstream and to groundwater by leaching of
mobile nitrate, and downwind following volatilization
by a variety of processes.

A recent publication by Mason et al. (2022a)
suggested that N availability has decreased in the
past century outside of the regions where the N
cycle is altered most substantially. They suggest
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that this decrease is a consequence of other global
change factors, especially increasing atmospheric
CO, concentrations, which cause decreasing
concentrations of all nutrients (including N and P)
in plant tissues. This suggestion is controversial.
A response by OIff et al. (2022) suggested that
air quality regulations could have decreased N
availability in recent decades, and that some of the
evidence summarized by Mason et al. (2022a) for
decreasing N availability (particularly the declining
8N in tree rings, lake sediments, and plant tissues)
could reflect a changed mixture of N sources
reaching downwind ecosystems. Mason et al. (2022b)
responded that the decline in N availability began
well before air quality regulations took effect, and
that any change in the mixture of '°N sources would
have to be unrealistically large to have the effects that
Olff et al. (2022) suggested.

A decline in N availability would be particularly
important if it induced or exacerbated N limitation to
primary productivity, which would likely be the case
because once N supply equilibrated with N demand by
plants, any increase in plant production (and so plant
demand for N) or any loss of N or any decrease in the
rate of N cycling would both decrease N availability
and induce N limitation (Vitousek 2004), assuming
that the change was rapid enough that it was not offset
by continued N inputs. A recent model-based analysis
by Vitousek et al. (2022), following earlier publica-
tions by Vitousek and Field (1999) and Menge et al.
(2008) demonstrated that at equilibrium, N limitation
to primary production that is more than marginal and/
or ephemeral requires both losses of N that cannot be
prevented by N-limited biota and constraints that keep
BNF from responding to N deficiency. The Vitousek
et al. (2022) publication focused on uncontrollable
losses of N, and demonstrated that losses of dissolved
organic nitrogen (DON) (which are not a component
of anthropogenic global change), asynchronies in the
supply and demand for N caused by variation in pre-
cipitation (which is increasing and likely will continue
to increase as the climate changes (Kharin et al. 2007;
Pendergrass et al. 2017)), and widespread changes in
land use like harvest and fire all represent losses of N
that cannot be controlled by N-limited biota.

In this paper, we apply simple models of N cycling
that have been validated across a climate gradient on the
Island of Hawai‘i (Vitousek et al. 2021) to reveal general
trends of N availability change and to evaluate whether
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components of anthropogenic global change can cause
widespread decreases in N availability. We use simple
models to reveal a general trend of N availability change,
because unlike changes in carbon cycle (which are often
easily-observed structural changes such as biomass or C
pool changes), changes in the N cycle are usually func-
tional (such as changes in N concentrations in organ-
isms, and the consequent changes in N fluxes) which are
more challenging to observe and to analyze. Modeling
approaches are often used when observational data do
not suffice to reveal spatial/temporal patterns. Complex
models (such as full ecosystem models) that comprehen-
sively simulate ecosystem processes and interactions are
powerful tools for quantitative analysis, although under-
represented N cycling processes in many models and
also insufficient observational data for model parameter
calibrations reduce the applicability of such complex
models for simulating N availability change over large
spatial/temporal scales (Stocker et al. 2016). In this situ-
ation, simplified models may be particularly useful for
exploring a general trend on large scales, considering
that such models are designed for a handful of objects/
processes with lower demands for input data.

Methods

We used simple models developed by Vitousek et al.
(2021, 2022) to evaluate the effects of increasing
temperature, increasing atmospheric concentrations
of CO,, temporal variability in precipitation, and
ecosystem-level disturbance on N availability and
on N limitation to NPP (net primary productivity),
and changes in the atmospheric deposition of N on
8N pools within ecosystems. This class of models
was described in detail in Vitousek et al. (2021),
and modifications were described in Vitousek et al.
(2022); here (since our focus is on changes in N
availability), we reproduce and update the description
of how the N cycle (including '°N) and NPP are
simulated.

This class of models represents relevant portions
of the cycles of N and P, but make no effort to
be complete ecosystem models. We therefore
regard them as “toy” models, which are defined as
simplified sets of objects and equations that can
be used to understand mechanisms. We find such
models particularly useful for testing understanding
of the implications of biogeochemical processes.

Although the models we use here are relatively
complex, we call them toy models because their
purpose is to explore general principles rather than
to capture the quantitative details of a particular
system. In the sense of Rastetter (2017), these are
models designed to further understanding rather
than models designed to yield specific predictions.
The structure of the portion of the toy model that
is focused on N is as follows. N enters ecosystems
through atmospheric deposition (which we treat as a
linear function of precipitation, as for Ca and P) and
through biological N fixation. N also can be added as
fertilizer, to test for N limitation to net primary pro-
duction (NPP). N is lost through ammonia volatiliza-
tion, nitrate loss (which could be due to nitrate leach-
ing or denitrification), transformation-dependent trace
gas losses (defined below), and dissolved organic N
(DON) leaching. For each input or loss pathway,
we calculate inputs/outputs of both all N and of '°N
separately, and we assume a level of isotopic abun-
dance (for losses of N, isotopic fractionation) associ-
ated with each pathway of input/loss. For inputs, we
assume no isotopic discrimination associated with
fertilizer or biological N fixation (so >N enters eco-
systems by these pathways at the average value of
0.003663 of total N, for a 8'°N of 0%o). For atmos-
pheric deposition, we assume deposited N is 5 per mil
depleted (-5%o), based on observations of N isotopes
in non-N-fixing lichens without access to soil N in
Hawai‘i (Vitousek et al. 1989). For the within-ecosys-
tem cycling of N, we calculate N mineralization as:

SoilorgC

Nmin = SoilorgN —
oilorg N

crit

(with a critical C:N ratio (CNcrit) of 20), setting
N mineralization for that time step to 0 when the
calculation yields negative N mineralization, and
we calculate nitrification as a variable fraction
(varying with climate, as described below) of the
ammonium-N pool remaining in the soil after N
mineralization and after plant N uptake by the
non-N-fixer.

Pathways of N loss will be discussed individually.
Ammonia volatilization is pH-dependent; pH is not
simulated directly in the model, so we use the mineral
Ca pool in the soil as an index of soil pH. Our reason-
ing is that weathering is the main buffer of acidity in
the soil here (Chadwick and Chorover 2001), and high
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concentrations of mineral Ca in the soil reflect ongo-
ing weathering and so lower acidity than in older or
more fully leached areas. Ammonia volatilization is
calculated as 10% of the ammonium pool in the sur-
face soil layer (after plant uptake and nitrification)
times the index of soil pH (so that when Ca and so
pH is low, ammonia volatilization approaches O0);
we assume that the heavy isotope of N (°N) is dis-
criminated against by 1.5% (so a fractionation of -15
%o for ammonia volatilization (Ti et al. 2021; Peng
et al. 2022), making the remaining N in the system
I5N-enriched.

Nitrate loss could occur by either leaching of
nitrate through the soil or through denitrification. We
believe that on this Hawai‘i climate gradient, most
of the nitrate loss occurs via leaching. Our reason-
ing is that (1) nitrate pools in the soil are very low
in the high-rainfall sites on the climate gradient (von
Sperber et al. 2017), an observation consistent with
either leaching or denitrification; and (2) 3N of the
N in the small amount of nitrate in high-rainfall sites
is strongly '’N-depleted (von Sperber et al. 2017) a
result consistent with nitrification of only a fraction
of the soil ammonium pool and subsequent leaching
losses, but inconsistent with denitrification of a sub-
stantial fraction of the nitrate, because denitrifica-
tion would leave the residual nitrate-N '>N-enriched
(Houlton et al. 2006). Accordingly, we calculate rates
of nitrification that decline from low-rainfall into
high-rainfall sites, and we estimate nitrate losses as
the fraction of soil water at WHC that leaches each
month (up to leaching=WHC, above that point we
assume no further increase in leaching) times the
nitrate pool in the soil. We assume that the heavy iso-
tope of N (1°N) is discriminated against by 1.0% (so
a fractionation of — 10 %o for nitrification and sub-
sequent nitrate losses), thereby making the remain-
ing N in the system 'N-enriched. This assumption
is consistent with von Sperber et al.’s (2017) meas-
urements of °N in nitrate; this assumed fractiona-
tion is less than reports of kinetic isotope fractiona-
tion during nitrification (Mariotti et al. 1981), but the
co-occurrence of nitrification (by multiple pathways)
and denitrification in real ecosystems (Granger and
Wankel 2016), together with the extent to which reac-
tions go to completion, makes applying kinetic iso-
tope fractionations to real ecosystems problematic.
Episodic denitrification could be more important than
it was during von Sperber et al.’s sampling, and so
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greater than we assume here; if so, it is possible that
the fractionation associated with nitrate loss could
be greater. While incomplete nitrification leads to an
5N depleted nitrate pool (as von Sperber et al. (2017)
observed), and denitrification would then fractionate
that pool a little less than did nitrification (Mariotti
et al. 1981), with a lower overall fractionation for the
whole process from ammonium to N, than for nitrate
leaching. However, more rapid and complete nitri-
fication (at the limit, of the whole ammonium pool)
would not lead to fractionation of nitrate relative to
ammonium, and denitrification could then cause a
greater overall isotopic fractionation associated with
nitrate loss. In any case, fractionaing losses of N can
have cumulative effects that enrich the residual N
remaining in ecosystems.

Transformation-dependent losses of N-containing
trace gases represent our effort to represent losses
of N that occur during nitrification. We estimate this
flux at 1% of nitrification (Firestone and Davidson
1989). We consider those losses to differ in kind
from ammonia volatilization and nitrate leaching or
denitrfication, both of which occur from accumulated
pools of biologically-available N that remains in the
soil after organisms have acquired the N that they can.
In this sense, we regard both ammonia volatilization
and nitrate leaching and/or denitrification to be
losses that are controllable by organisms, in that
those organisms (if their activity would otherwise be
constrained by a shortage of N) could prevent those
losses; we regard transformation-dependent losses
to be uncontrollable, in that they will occur if there
is nitrification even if N is in short supply in the
ecosystem. In practice, simulated transformation-
dependent N trace gas losses represent a small
fraction of N losses from unfertilized sites across the
gradient we studied.

Losses of DON also are assumed to represent
uncontrollable losses of N (Hedin et al. 1995), in that
the organic N compounds that leach through soils are
large-molecular-weight recalcitrant compounds that
are not readily taken up by organisms (Perakis and
Hedin 2001, 2002). We calculate losses of DON from
all the sites on the climate gradient as representing a
maximum of 0.1% of soil organic N per month times
the fraction of soil water at WHC that is leached each
month (again with no further increase in DON loss if
leaching is greater than WHC during that month).
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We simulate plant productivity following the pro-
cedure in Vitousek and Field (1999), adjusted to a
monthly rather than an annual time step by dividing
their maximum potential productivity and the N and
P supply necessary to support that productivity by 12.
We simulate the growth both of a non-N-fixing plant
and of a symbiotic N-fixing plant; the two differ in
that the N-fixer has an N- and P-rich stoichiometry
relative to the non-fixer (McKey 1994; Menge 2011)
(C:N:P for the non-fixer is 500:10:1, while that for
the N-fixer is 333.3:10:1), and in that the N-fixer is
an obligate fixer (it derives all of its N from fixation)
(Menge et al. 2009). Both the fixer and non-fixer are
assumed to be perennial plants whose tissues (and
N and P contents) turn over at a rate of 1%/month.
For the non-fixer, potential productivity per month
is assumed to represent an (implicitly light-limited)
maximum, reduced in practice by the supply of N
or P (whichever is in shorter supply relative to plant
demand) and by a climate scalar calculated based on
multiplicative constraint by soil water content and by
temperature. That constraint is calculated as:

soilwater1(y) y Temp(v)
3 25

prodscalarl(y) = (

where prodscalarl(y) is the climatic constraint to
potential productivity, y is the month of simulation,
soilwaterl(y) is the water content of the soil to
30 cm depth (in cm of water/10—additionally,
prodscalarl(y) is set to 0 when soilwaterl(y)<0.5,
representing a permanent wilting point), 3 represents
the WHC of the so0il/10 (30 cm of water), and
Temp(v) is the mean temperature (in °C) at that point
on the climate gradient.

We calculate a cost of N acquisition for the non-
fixer as in Vitousek and Field (1999); that cost is
assumed to be low when N is abundant but the cost
increases as the N pool is depleted (Vitousek et al.
2022).

For the N-fixer, we assume a fixed cost of N
fixation (30% of plant NPP goes to support N
fixation). The non-fixer makes use of all of the
potential productivity up to the point where its cost
for acquiring N exceeds that of the N-fixer. Beyond
that point, the N fixer (alone) grows and derives all
of its N from fixation. The growth of the N fixer is
independent of soil N supply; however, the N-fixer
can be constrained by the remaining productive

capacity of the site (implicit light limitation) after
use of a portion of that capacity by the non-fixer,
by climate, and/or by P supply (Vitousek and Field
1999). In addition, the growth of both plants is
constrained when their biomass is low (they cannot
jump all the way to their potential productivity in one
time-step), and the growth of the N-fixer is further
constrained by a function representing shading by
the non-fixer (which reduces the energy available
to support N fixation). Both of these constraints are
calculated as in Vitousek and Field (1999), adjusted
to the monthly time step of the present toy model.

For both plants, we calculate several possible rates
of production based on potential productivity (implic-
itly light-limited) and the productivity that can be sup-
ported by biologically-available P and N—for non-fix-
ers (the productivity of N-fixer can be constrained by
P but not N). All of these estimates of productivity can
be further constrained by soil water, temperature, a low
initial biomass, and for the N fixer by shading by the
non-fixer. The minimum of these estimates of produc-
tivity is then selected and applied to calculate uptake
of N and P based on the fixed C:N:P stoichiometry of
each plant. Inputs of N through BNF are calculated
as the NPP of the N-fixer times its (fixed) N:C ratio;
biologically fixed N becomes available in the system
as a whole when litter from the N-fixer enters the soil
organic C and N pools, and is mineralized as described
above. Also, atmospheric inputs of N are assumed to
be biologically available.

We modified the program tcnewprodnofixcr
(Vitousek et al. 2022) to evaluate the effects of
increased temperature and elevated atmospheric con-
centrations of CO, on N biogeochemistry. This pro-
gram (in MATLAB version 2018a) is available as
on-line supplementary material associated with this
article. All runs of the model shown here were car-
ried out with a simulated mean monthly precipitation
of 20 cm/month, where there is leaching of nitrate
under average conditions and which is also the point
on the climate gradient where N limitation was maxi-
mized (Vitousek et al. 2022). We also carried out a
complete set of model runs at 10 cm/mo precipitation.
We modeled the effects of increasing CO, by increas-
ing the potential productivity of plants and chang-
ing the stoichiometry of their tissues (making them
more C-rich and nutrient-poor) without changing the
critical C:N and C:P ratios for nutrient release dur-
ing decomposition (these changes had the effects of
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increasing potential productivity and slowing the rate
of N cycling). Plants that respond to elevated CO,
with increased growth (including most C3 plants)
typically have lower tissue concentrations of nutrients
as well (Penuelas et al. 2020). The observed increase
in CO, concentrations has followed an exponential
path, but we modeled it as a linear increase. We do
not yet know whether, where, and how increasing
atmospheric concentrations of CO, will end; we mod-
eled them as beginning to increase after 45,000 time
steps (months) (or 3750 years) of model runs (when
biomass and N cycling had equilibrated), continuing
to increase for 125 years, and ceasing their increase
when potential productivity and C/nutrient ratios in
plant tissue had increased a pre-selected amount—
and then remaining in that state (with atmospheric
CO, concentrations still elevated) for the remainder
of the run, which ended after 5000 years. Tempera-
ture increases were modeled similarly, beginning to
increase after 3750 years of simulation, increasing
linearly for 125 years, then remaining elevated to
the end of the model run. Other scenarios could be
simulated equally well. BNF was turned off in these

simulations, because where BNF is unconstrained, it
responds rapidly to N limitation and reverses it, even
though growth of the N-fixer is strongly constrained
in the model as described above.

Results and discussion

Because 8'°N integrates multiple processes which
can fractionate it in different directions, it is a use-
ful integrator of the N cycle (Robinson 2001) but it
not easy to model correctly—however, the agree-
ment in pattern between results of the toy model and
field observations (von Sperber et al. 2017) is strik-
ing (Fig. 1). Figure 1 shows a comparison between
observed N in soils and modeled whole-system
5N:; soils accounted for 65-93% of modeled total N
in the system (depending on rainfall/water balance).
Observations and simulation results differ most in
intermediate-rainfall and wetter sites on the gradient,
where observations yield soil 8'°N that is a few %o
enriched in 15N, while simulations yield little enrich-
ment (or slight depletion) in 8'N. The difference

Mapped and Modeled Mean Annual Water Balance (mm)
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Fig. 1 Observed 8N in soils (points) and modeled 8'°N in
ecosystem N (line) on the Hawai ‘i climate gradient. Obser-
vations from von Sperber et al. (2017). This figure shows a
comparison between observed >N in soils and modeled whole-
system."’N; soils accounted for 65-93% of modeled total N in
the system (depending on rainfall/water balance). In this fig-
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ure, we label the lower X-axis as Mapped and Modeled Mean
Monthly Precipitation (in cm/month). The upper X-axis shows
annual water balance (precipitation (ppt) minus Potential
EvapoTranspiration (PET)) in mm/yr. Mapped precipitation
and water balance results from Giambelluca et al. (2013). This
figure is reproduced from Vitousek et al. (2021)
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could be due to an underestimate of denitrification
(and its associated fractionation of the lost N), or to
partial preservation of 'N-enriched organic matter
on short-range ordered clay minerals in wetter sites
(Kramer et al. 2012). Both observations and simula-
tions then show an increase in enrichment in drier
sites to a peak near+ 14%o, then a decline in enrich-
ment below ~3.5 cm/mo precipitation (— 1400 mm/
year water balance). This decline in enrichment
from moderately dry sites into the driest sites also is
observed for PN in nitrate (von Sperber et al. 2017)
and for N in the tissues of non-N-fixing plants (Bur-
nett et al. 322,022) on this gradient. The sensitivity
of 8N to differing assumptions concerning param-
eter values is relatively small (Vitousek et al. 2022);
81N follows the same pattern across the gradient for
a wide range of assumptions about the values of driv-
ing variables (Vitousek et al. 2022)—with the excep-
tions that assumptions about 8'°N in inputs and losses

of N can have substantial effects on the results, as can
the empirical observation that there are few and rela-
tively inactive N fixers in the driest sites.

Results of this analysis for the effects of changes in
the temporal variability of precipitation and for distur-
bance (including harvesting, fire, and windthrow) on
N limitation to plant biomass were published earlier
(Vitousek et al. 2022). Both of these changes cause
losses of N that cannot be controlled by N-limited
organisms and so can induce N limitation if there are
constraints to BNF. Here we evaluate NPP directly,
and demonstrate that N limitation is associated with
(caused by) a decrease in N availability for both tem-
poral variation in precipitation and for disturbance
(Figs. 2, 3). (N limitation in the model is defined by
the difference in productivity with and without added
N.) In tropical regions, disturbance has the effect of
converting primary forests (which are often limited
by P) to N-limited secondary forests (Davidson et al.
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Fig. 2 Simulated effects of increasing temporal variation in
precipitation on the NPP of a non-N-fixing plant and on N
availability (calculated as the sum of N mineralization, atmos-
pheric deposition of N, carryover of inorganic N from the
previous time step [if any], and N fertilization [if any]) and
on N availability, calculated at a precipitation level of 20 cm/
month using the program fcnewprodnofixcr with BNF turned
off. Because NPP and available N are highly variable at this
level of temporal variation in precipitation, mean values are
plotted here. The coefficient of variation (CV) at 20 cm rain/
month is 0.79; we used an increased variation with a CV of
1.18 here (equivalent to that observed at 10 cm/month on
the gradient). NPP is plotted with solid lines here and avail-

Years

able N with dashed lines; thin lines are used for NPP and N
availability with increased temporal variation in precipitation,
intermediate-thickness lines for NPP and N availability with
no temporal variation in precipitation, and a thick line for NPP
with N fertilization and increased temporal variation in precip-
itation. Compare NPP with and without N fertilization for the
effect of temporal variation in precipitation on N limitation;
and compare N availability with and without temporal varia-
tion in precipitation for the effect of that variation on N avail-
ability. There is no N limitation without temporal variation in
precipitation, so the effects of N fertilization are not plotted for
that case, and N availability is very high with N fertilization,
so that is not plotted either
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Fig. 3 Simulated effects of disturbance (here harvest, simu-
lated by removing all the N and P in plant biomass every
83.33 years after an initial equilibration period of 3750 years)
on the NPP of a non-N-fixing plant and on N availability
(calculated as described In the legend for Fig. 2), calculated
at a precipitation level of 20 cm/month using the program
tcnewprodnofixcr with BNF turned off. The 11th occurrence
of disturbance is shown here. NPP is plotted with solid lines
here and available N with dashed lines; thin lines are used
for NPP and N availability with disturbance, intermediate-

2004). Here we also evaluate the effects of increasing
temperature (Fig. 4) and increasing atmospheric con-
centrations of CO, (Fig. 5) on N availability and N
limitation, both with and without N added as a direct
test of N limitation within the model. The model is
useful here because we can evaluate direct effects of
increasing atmospheric CO, concentrations, increas-
ing temperature, and increasing variability in precipi-
tation separately, although in practice they all occur
together.

The results of these analyses are clear; the effects
of elevated atmospheric CO, concentrations is to
reduce N availability, and to induce N limitation to
plant growth (Fig. 6). This N limitation is non-equi-
librium—it reverses eventually because of the slow
accumulation of N from atmospheric deposition—
unlike the effects of increased temporal variabil-
ity in precipitation or increased disturbance, which
continue as long as forcing persists. While there is
an increase in NPP induced by a 4 °C temperature
increase (Fig. 5), it occurs slowly enough that even
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thickness lines for NPP and N availability with no disturbance,
and a thick line for NPP with N fertilization and disturbance.
Compare NPP with and without N fertilization for the effect of
disturbance on N limitation; compare N availability with and
without disturbance for the effect of disturbance on N avail-
ability. There is no N limitation without disturbance, so the
effects of N fertilization are not plotted for that case, and N
availability is very high with N fertilization, so that is not plot-
ted either

the low rate of atmospheric deposition modeled here
can prevent a substantial decrease in N availability or
the development of N limitation. In contrast, increas-
ing atmospheric CO, (Fig. 5) both increases poten-
tial productivity and slows the rate of N cycling (the
latter change being the more important one), so its
effect on N availability and N limitation is relatively
large and long-lasting. Given a 1.25-fold increase in
potential productivity and C:element ratios in plant
tissue, the maximum increase in the extent of N limi-
tation to NPP at current levels of temporal variation
in precipitation would be 16%, and the effect would
not disappear for almost 300 years (Fig. 6a). There
might be positive feedbacks where decreases in soil
N availability accelerate changes in C:element ratios
as plants increase resorption of N (Groffman et al.
2018). Model runs at 10 cm/mo of precipitation
yielded qualitatively similar results. It should be reit-
erated that both atmospheric CO, concentrations and
temperature remain elevated here (after increasing for
125 years) for the remainder of the model run. This
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Fig. 4 Simulated effects of increasing temperature on the
NPP of a non-N-fixing plant and on N availability (calculated
as described in the legend of Fig. 2), calculated at a precipita-
tion level of 20 cm/month using the program tcnewprodnofixcr
with BNF turned off. In this run, temperature began increas-
ing in year 3750 and increased 4 °C over 125 years, and then
remained elevated to the end of the run. Fertilization with N
also began in year 3750 and continued to the end of the run.
NPP is plotted with solid lines here and available N with
dashed lines; thin lines are used for NPP and N availability
with increasing temperature (the thin solid line here is entirely

simulation shows that the change in plant stoichi-
ometry and increase in potential productivity caused
by elevated CO, is a plausible cause of declining N
availability and increasing N limitation, as suggested
by Mason et al. (2022a, b) supporting earlier sugges-
tions by Hungate et al. (2003)

We used the model to evaluate a range of increased
temperatures, increased atmospheric CO, concen-
trations, and increased temporal variations in pre-
cipitation (Fig. 6a, b). We examined 4 levels each
of change in potential productivity and C:element
ratios (our proxy for changes in atmospheric concen-
trations of CO,), temperature change, and temporal
variability in precipitation. We do not know what the
changes in these features of global change have been
or will be, but we suspect that changes in CO, will
have larger effects than changes in temperature in the
maritime environment of Hawai ‘i where the model
was first applied. We do know that current month-to-
month variability in precipitation has a coefficient of

underneath the thick solid line), intermediate-thickness lines
for NPP and N availability with no temperature increase, and
a thick line for NPP with N fertilization and increasing tem-
perature. Compare NPP with and without N fertilization for
the effect of temperature increase on N limitation; compare
N availability with and without disturbance for the effect of
increasing temperature on N availability. There is no N limita-
tion without increasing temperature, so the effects of N fertili-
zation are not plotted for that case, and N availability is very
high with N fertilization, so that is not plotted either

variation of ~0.78 in wetter portions of the gradient,
equivalent to the 2nd level tested in the simulation.
Figure 6a shows the maximum extent of N limita-
tion resulting from these changes in climate or CO,,
while Fig. 6b shows how many years it takes for
atmospheric deposition to overcome the N limitation
caused by the change. There is no line for the effects
of increased temporal variation in precipitation in
Fig. 6b because it represents an equilibrium change,
which will not be overcome by ongoing atmospheric
deposition.

We also used a version of the toy model to evaluate
changes in 8'°N because a decline in >N was used
as evidence for declining N availability by Mason
et al. (2022a), and this was an area of disagreement
between Mason et al. (2022a,b) and OIff et al. (2022).
Publications by Vitousek et al. (2021) and Bur-
nett et al. (2022) evaluated 8'°N in soils and plants
(respectively) across this broad precipitation gradient
(285-3240 mm/year) in an unpolluted region on the
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Fig. 5 Simulated effects of increasing atmospheric CO, on
the NPP of a non-N-fixing plant and on N availability (calcu-
lated as described in the legend of Fig. 2) and N limitation,
calculated at a precipitation level of 20 cm/month using the
program tcnewprodnofixcr with BNF turned off. In this run,
atmospheric CO, began increasing in year 3750 and increased
to the point that potential productivity and C/N and C/P ratios
increased 1.25-fold over 125 years, and then remained elevated
to the end of the run. Fertilization with N also began in year
3750 and continued to the end of the run. NPP is plotted with
solid lines here and available N with dashed lines; thin lines

island of Hawai ‘i. Along this gradient, >N in non-
N-fixing plants mirrored that in soils, though with
an offset of ~-5 per mil. Changing the default §'°N
in precipitation from -5 to -10 per mil (not an unre-
alistically large change, for substantial sources of N
from upwind ammonia volatilization in precipitation)
caused an equivalent change in soil 8'°N of -5 per
mil in the driest sites on the gradient, where atmos-
pheric deposition was the major source of N (Fig. 7a).
Even in wetter sites where BNF was a more impor-
tant source of N than was atmospheric deposition, the
change in 8'°N of soils was close to the magnitude of
the changes in >N reported by Mason et al.’s (2022a,
b) sources. We show the time course of changing soil
8N in a wetter site receiving 20 cm/month of ppt,
following a change from atmospheric deposition of
5N from — 5 to — 10 per mil after 3750 years of sim-
ulation; it decreased by ~0.45 per mil over a century
(Fig. 7b). This decrease is a large fraction of the~1
per mil reported by Mason et al. (2022a, b) over
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are used for NPP and N availability with increased CO,, inter-
mediate-thickness lines for NPP and N availability with no
increased CO,, and a thick line for NPP with N fertilization
and increased CO,. Compare NPP with and without N fertili-
zation for the effect of increased CO, on N limitation; compare
N availability with and without increased CO, for the effect
of CO, on N availability. There is no N limitation without
increased CO,, so the effects of N fertilization are not plotted
for that case, and N availability is very high with N fertiliza-
tion, so that is not plotted either

150 years, even though our use of a 1-pool model for
soil C and N would decrease the response to changing
atmospheric deposition of 1°N.

More generally, 8'°N in ecosystems reflects both
the isotope ratios in inputs of N to the ecosystem
AND fractionation of N isotopes as N cycles (with
enrichment of the residual N in the ecosystem
caused by greater losses of N by the fractionating
pathways that are more important in N-rich sites).
In the short term, plants derive their N mostly from
mineralization of soil N and to a small extent from
atmospheric deposition, but in the longer term the
8!°N of soil N (and so supply of N by mineraliza-
tion) is a function of the >N of N inputs. While
the "N in precipitation is notoriously variable, it is
likely that the isotope ratios in atmospheric depo-
sition have indeed changed in the direction sug-
gested by OIff et al. (2022), and atmospheric depo-
sition has likely become a larger fraction of total N
inputs, making changes in 8'°N difficult to interpret
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Fig. 6 A Simulated effects
of a range of CO, increases,
temperature increases,

and temporal variability
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as reflecting simply changes in N availability. It is
important to note that changes in the N of N inputs
due to ammonia volatilization associated with agri-
culture or fossil fuel combustion occur over a subset
of Earth’s surface while increased temperatures and
atmospheric CO, affect the entire planet.

The model on which we based our analysis is lim-
ited by its assumptions, as all models are. In particu-
lar, the model was calibrated for a particular rainfall
gradient in Hawai ‘i. While we believe the model to
be general except for the influences of volcanically-
derived clays, those clays could be important in shap-
ing 89N, as described above. Also, net mineralization
is modeled here; plants do not compete with microbes
for available soil N in the model. That is appropriate
for our focus on N losses, in that otherwise available
forms of N will not be lost from ecosystems where
plants and their mycorrhizae do compete with decom-
posers, but it is a constraint on the generalizability of
the model.

Temperature Increase (°C)

Conclusions

Results of our model-based analysis show that there
are plausible mechanisms by which components of
anthropogenic global change could cause reduced
N availability and induce N limitation. Some of
these mechanisms, notably increased precipitation
variability caused by climate change and ecosystem-
level disturbance, could drive reduced N availability
and the development of N limitation at equilibrium.
Other changes especially including increasing atmos-
pheric CO, could cause non-equilibrium (but for CO,
large and long-lasting) declines in N availability and
the development of N limitation—if there are con-
straints to the responsiveness of BNF to N deficiency.
Still other changes, such as decreasing acid rain or
decreases on atmospheric pollutants such as ozone
that now decrease plant production and demand for
N could also cause increased limitation if they occur
rapidly enough. Anthropogenic global change means
that Earth is out of equilibrium, if it was ever in it,
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Fig. 7 A Simulated effects
of changing the >N abun-
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broadening the conditions under which N limitation
can be more than marginal and/or ephemeral.

These results do not suggest that excessive N
enrichment associated with high rates of atmos-
pheric deposition and/or urban and agricultural land
use are not important environmental problems in
many areas. Still, it is important to recognize that
these problems occur over relatively small areas,
while other components of anthropogenic global
change such as increased atmospheric CO, affect
the entire planet. Reductions in N availability over
the vast areas of Earth that are little-affected by N
enrichment could have important effects on net
primary production, carbon sequestration, trophic
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dynamics and other ecosystem functions and
services.
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