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Global distribution and climate sensitivity of
the tropical montane forest nitrogen cycle
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Tropical forests are pivotal to global climate and biogeochemical cycles, yet
the geographic distribution of nutrient limitation to plants and microbes
across the biome is unresolved. One long-standing generalization is that tro-
pical montane forests are nitrogen (N)-limited whereas lowland forests tend to
be N-rich. However, empirical tests of this hypothesis have yielded equivocal
results. Here we evaluate the topographic signature of the ecosystem-level
tropical N cycle by examining climatic and geophysical controls of surface soil
N content and stable isotopes (6°N) from elevational gradients distributed
across tropical mountains globally. We document steep increases in soil N
concentration and declining 8N with increasing elevation, consistent with
decreased microbial N processing and lower gaseous N losses. Temperature
explained much of the change in N, with an apparent temperature sensitivity
(Qy0) of ~1.9. Although montane forests make up 11% of forested tropical land
area, we estimate they account for >17% of the global tropical forest soil N pool.
Our findings support the existence of widespread microbial N limitation across
tropical montane forest ecosystems and high sensitivity to climate warming.

Published online: 30 November 2022

M Check for updates

Tropical mountains give rise to some of the most striking climatic and
ecological gradients on Earth. Over relatively small distances, eleva-
tional gradients in tropical mountains recapitulate latitudinal shifts in
temperature' and thus provide a natural laboratory for understanding
environmental control of ecosystem function and effects of global
change?*. One outstanding question is how climate warming will affect
soil nutrient cycles that constrain productivity and carbon storage in
tropical montane forests*™®. In contrast to most of the lowland tropics,
tropical montane forests can accumulate large pools of N in soil
organic matter (SOM)’, yet are often considered to be limited by the
availability of inorganic N®°. Observations and models predict that
warming in tropical mountains will enhance primary production*"'™*
but also increase losses of soil carbon*". Increases in microbial N
mineralization could further stimulate plant growth but also increase N
losses, including emissions of the heat-trapping gas nitrous oxide
(N,0). However, the degree to which organically-bound N will continue
to constrain both processes is uncertain.

Despite decades of research showing slower microbial N pro-
cessing in montane than lowland tropical forest soils”"', it remains

unclear how climate variation shapes the balance of N inputs and
losses that determine the long-term stability of the soil N pool. The
elevational distributions of these fluxes (e.g., biological N fixation,
gaseous and hydrologic losses) are poorly quantified for tropical
montane forests globally. For example, while soil N,O emissions
have been shown to decline with increasing elevation in some
montane forests”®, consistent with lower N availability, observa-
tions of large hydrologic losses of N from other montane forests'**°
suggest high N availability at the ecosystem level. Furthermore, the
size and geographic distribution of tropical montane forest soil N
pools are poorly constrained. Although global inventories show
larger soil N pools in tropical mountains than lowlands* >, these
estimates are highly uncertain due to limited sampling in forested
mountainous terrain”, Tropical mountains are distributed across
distinct biogeographical regions and a wide range of lithologies and
precipitation regimes***, making generalization difficult. For
example, erosion in steep terrain can rejuvenate rock-derived
nutrients®, including N¥, but also limit N accumulation, especially
in geologically young mountains®®*°. In addition, regional and
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elevational variation in precipitation can constrain primary pro-
duction, SOM decomposition and nutrient availability>*°*. There-
fore, disentangling climate versus other biophysical drivers is
essential for understanding potential warming effects on the N
cycle in tropical montane forests.

Here, we address these uncertainties by analyzing data on soil N
and its natural abundance isotope (®N) collected across tropical
elevational transects globally. We focus our analysis on shallow
(0-20 cm) mineral soils as these have shorter SOM residence times
and higher climate sensitivity compared to deeper soil*’ and repre-
sent the vast majority of samples collected globally. We use 6N as an
integrative measure of ecosystem-level N cycling as the relative
abundance of ®N to *N in mineral soils records the long-term imprint
of microbial processing and N bioavailability***. In biologically
active soils, higher (isotopically enriched) 8“N values indicate
increased availability of N to plants and microbes and proportionally
larger fractionating losses of N (i.e., via gaseous losses)****, While
previous global analyses®***” show higher soil 8°N in warmer and
lower precipitation climates, it is unclear how this applies to humid
tropical mountains where precipitation shows no globally consistent
pattern with elevation>”. Here, we show that temperature and
temperature-precipitation interactions control the elevational dis-
tribution of the tropical forest soil N cycle. We further show that
tropical montane forests harbor a disproportionately large fraction
of the global tropical soil N pool.

Results and discussion

Elevational patterns of soil N and 6N

We compiled a database of soil samples from 324 humid forest sites
distributed across sixteen elevational gradients (Fig. 1 a-c; Sup-
plementary Fig. 1) and from lowland tropical forests® across the
major tropical land areas (Neotropics, Africa, Asia-Pacific). The
sites span a large range of elevation [0-3660 meters above sea level
(ma.s.l.)], climate [7-30 °C, mean annual temperature (MAT); 1200-
8000 mm, mean annual precipitation (MAP)], and a diversity of
rock types and lithologic ages (Supplementary Table 1). Environ-
mental conditions across our montane sites (median elevation=
1500 m a.s.l, MAT=19°C, MAP=2460 mm) are broadly repre-
sentative of global humid tropical montane forests (elevation=
1350 m a.s.l, MAT =20 °C, MAP = 2050 mm; Supplementary Fig. 2).
We first used mixed-effect models to isolate the effect of elevation
from any effects of individual transect location (Supplementary
Table 2). This revealed large increases in soil N content with
increasing elevation across tropical mountains worldwide,
although there was considerable regional spread in the data at
higher elevations (Fig. 2a). Soil organic carbon (SOC) also increased
with elevation (Supplementary Fig. 4), more so than N, resulting in
increasing C:N ratios with greater elevation (Fig. 2b). These rela-
tionships remained highly significant after removing samples with
SOC >18% (Supplementary Table 3), a threshold generally accepted
to indicate the delineation between the organic and mineral layers

M Montane N
LowlandA \

0 250500 1,000km

kg-m?
B>17

Io.15

0 250500  1,000km
[ b

o s

S

0 250500 1,000km

Fig. 1| Global distribution of tropical montane forests, soil N pools, and §“N.
Extent of montane and lowland tropical forests and locations of elevational gra-
dient transects (a-c). The distribution of surface mineral soil (0-20 cm) N pools
(d-f and 6°N (g-i) based on linear mixed-effect models (Supplementary Table 4).

Panels display area-equivalent forest extent for regions containing elevational
transects. Areas shaded dark gray in the top row represent higher elevations. Areas
that are white in second and third rows represent non-forested land areas.
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Fig. 2 | Elevational distribution of soil N concentration, C:N ratios, and 6“N
across tropical montane forests. The change in soil N concentrations (a), C:N (b),
and 8N (c) with increasing elevation were determined using linear mixed-effect
models with elevation as the fixed effect and transect identity nested within tropical
region as a random effect (Supplementary Table 2). d negative exponential
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relationship between soil § N and N concentration. All data presented are from the
16 elevational transects. (a) lowland n =33, montane n =141, (b) lowland n =26,
montane n =86, (c) lowland n=27, montane n =141 (d) lowland n =22, montane
n=100. Model 95% confidence intervals (dashed lines) were estimated using Monte
Carlo simulations.

(FAO World Reference Base for soil classification). Across the glo-
bal elevational range, soil C:N ratios cross the stoichiometric
threshold that governs net N mineralization versus immobilization
(C:N ~20-25)%, consistent with microbial N limitation and slower
bioavailable N cycling in montane compared to lowland forests™*.

Elevational patterns in 8°N further support decreasing N bioa-
vailability and microbial processes that discriminate against “N (e.g.,
nitrification and denitrification) with increasing elevation. Globally,
8°N decreases by about 2%. for every 1km increase in elevation
(Fig. 2¢). The range of soil 6"N (-0.3 to 10.1%0) and its change with
elevation is similar to that documented for soil §8“N across global
latitudinal climate gradients®**’. Additionally, our findings mirror the
inverse relationship between the C:N stoichiometry of SOM and its 8°N
enrichment observed globally”*°. Across elevational gradients, 8°N
declines with increasing soil N concentrations (Fig. 2d), C:N ratios, and
N pools (Supplementary Fig. 4). In general, lowland forest soils are
characterized by uniformly low total N content and enriched N while
montane forest soils have high N content and low 8“N. This pattern is
consistent with a topographic shift from net microbial mineralization
to immobilization and lower fractionating loss (e.g., denitrification) as
a primary regulator of N accumulation in tropical montane forests.

Drivers of tropical soil N content and §°N

To determine drivers of N concentrations and 6°N, we combined
globally gridded datasets of climate, geophysical, and soil properties
with transect and lowland data in mixed-effect models. Across all
transects, MAT decreases by 5.1+ 0.07 °C for every 1km rise in eleva-
tion (Supplementary Fig. 5). Hierarchical partitioning analysis (Sup-
plementary Table 4) determined MAT to be the most important driver
of soil N concentrations, explaining 41% of the geographic distribution,
followed by MAT:MAP interaction (32%), and MAP (27%). For 8"N, the

model similarly identified MAT as the most important driver (66%),
followed by MAP (34%). Both models accurately predict observations
with low mean absolute error (Supplementary Fig. 6). These results are
consistent with continental and global-scale analyses describing the
importance of climate in governing the spatial distribution of the N
cycle and its isotopic imprint®*”*, with 8°N generally increasing with
increasing MAT and decreasing with increasing MAP. MAP is highly
variable across tropical regions (Supplementary Fig. 1), but has no
coherent relationship with elevation, soil N, or 8°N across our sites
(Supplementary Figs. 7 and 8). In contrast, the uniformity of the
positive MAT-6"N and negative MAT-N relationships across the global
diversity of tropical mountain environments points to temperature as
a main control of microbial N transformations that isotopically dis-
criminate against 8°N.

We next examined the temperature sensitivity of soil N by deriv-
ing the apparent Qo (i.e., the decrease in N with a 10 °C increase in
temperature) using exponential fitting to the elevational variation in
MAT (Fig. 3). Consistent with non-linearly coupled changes in N and
8"N with elevation, our analysis yielded apparent Qo values of -1.9 for
changes in soil N with ambient temperature. This value is consistent
with that found for soil enzyme activities (Vinax 1.5-2) measured
across tropical elevational gradients® and results from litter
decomposition® and soil nitrogen mineralization studies*® across
tropical forests. The global convergence of temperature sensitivities
for soil N content and 6"N suggests a strong kinetic underpinning of
the inverse relationship between soil N accumulation and fractionating
loss pathways (i.e., gaseous versus hydrological), consistent with
decreasing microbial denitrification with increasing tropical
elevation'”'®, However, such space-for-time analyses cannot determine
microbial temperature sensitivity at a given elevation/ambient
temperature'®, nor account for potential acclimation to past or future
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Fig. 3 | Temperature sensitivity of tropical montane forest N. Curves were fit
using nonlinear regression of §“N (a), soil N concentrations (b) and N pools (c)
against MAT across all elevational transects. Temperature sensitivities (Q;o) were
then determined for (b) and (c) using regression model results (Methods). Models
were fit using elevational transect data and additional lowland sites from a global
tropical soil dataset”. (a) Lowland n =112, montane n=160, (b) lowland n=119,
montane n =158 (c) lowland n =117, montane n = 154. The color scale follows Fig. 1.

temperatures*’. For instance, temperature sensitivities of microbial
processes tend to be higher in colder environments***, suggesting
greater temperature sensitivity of microbial N turnover in montane
forests than indicated by our gradient analysis.

Global distribution of tropical montane forest soil N pools

and 8“N

Based on differences in parameters of elevational changes in N and
8"N, we developed geospatial models combining climate, topography
(Supplementary Tables 4-7), and tree cover data to map the pan-
tropical distribution of soil N pools and 8N (Fig. 1d-i; Methods). We
next calculated soil N pools (0- 20 cm) across our sites by spatially
coupling soil N data with globally gridded maps of bulk density (Sup-
plementary Fig. 9). Despite decreasing soil bulk density with increasing
elevation, soil N pools are nearly twice as large in montane [1.6 (geo-
metric 0: 2.1) kg N m™] than in lowland forests [0.83 (geometric o: 2.0)
kg N m? two-sided t test, t(53.5)=4.73, p=<0.0001]. Drivers
explaining the spatial distribution of soil N pools were similar to that
for N concentrations except that MAP emerged as a more important
explanatory variable (48%; Supplementary Table 3), followed by MAT
(32%), and MAT:MAP interaction (20%). Despite montane forests
accounting for only 4.4% (2.1 x 10° km?) of tropical land area and 49% of
tropical mountainous terrain (Supplementary Tables 5 and 6), we
estimate they account for an outsized proportion (17.1%; 1.7 + 1.3 Pg N)
of the global tropical forest soil N pool (10.1+ 7.7 Pg N; Table 1).

Accurate estimates of soil N and its environmental drivers are
critical for benchmarking coupled C-N cycles in terrestrial ecosystem
models. Although existing global maps also show higher soil N in
montane relative to lowland tropical forests, the size and geographic
distribution of the montane soil N pool are poorly constrained due to
low sampling density”*. For example, soil N concentrations in our
montane dataset are 1.6 times higher than simulated by a recent
globally gridded data product® for the same sites (Supplementary
Fig. 10). Our models also reveal significant geographic variation in the
contribution of montane forests to tropical soil N pools (Table 1 and
Supplementary Table 6) not captured in existing estimates. For
instance, the Asia-Pacific region comprises only a fifth of global tro-
pical land area but holds over half of tropical montane forests and 46%
of the global tropical montane forest soil N pool. In contrast, our
analysis shows higher soil N concentrations in the Neotropics and
higher 8"N in Africa (Fig. 2), but it is unclear how lower sample
representation in Africa and the Asia-Pacific influence this result. Fur-
ther, because lowland forests constituted a small proportion of our
dataset, our estimates of lowland soil N pools and 8“N and their
environmental drivers are less certain. This is particularly true for
extensive SOC-rich wetland and peatland forests*® of western Ama-
zonia, the upper Congo, and southern Borneo (Supplementary Fig. 1).
Despite these uncertainties, however, our model estimates of the
global tropical soil N pool are similar to the previous estimates” and
indicate that montane tropical forests contribute more than pro-
portionally to the global tropical forest N pool.

The prominent role of elevational climate variation in regulating
the tropical soil N cycle offers insight into existing conceptual theory.
Despite decades of thought that plant growth in montane forests is
predominantly limited by N, recent syntheses of tropical fertilization
experiments*’ find no global tendency for trees to be more N limited at
higher than lower elevations, and observations of large leaching losses
of bioavailable N from some montane forests'**° suggests N richness at
the ecosystem scale*®, Broad geographic evidence for increasing N
constraints to microbial but not vegetative activity with elevation
suggests some degree of decoupling in the plant-microbe N cycle that
may also be subject to change with increased temperature. Although
our analysis accounts for broad variation in biophysical drivers, other
factors could contribute to the observed patterns in soil N. For
example, our analysis is limited to the bulk soil N pool, but the
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Table 1| Total mineral soil N pool for global tropical forests

Region Total forest soil Montane soil Lowland soil
N (Pg N) N (Pg N) N (Pg N)

Neotropics 4.6+3.5 0.6+0.8 4.0+3.0

Africa 3.0+1.8 0.3+0.7 28+2.1

Asia Pacific 24+23 0.8+0.6 1.6+1.2

Global 101+£7.7 1.7+13 8.4+6.3

N Pool estimates (Pg N + 95% confidence interval; 0-20 cm) are summed from global models
used to create Fig. 1.

susceptibility of different fractions of the soil N pool (e.g., particulate
vs. mineral-associated) to climate change may also depend on eleva-
tion. In addition, some tropical montane forests harbor ectomycor-
rhizal tree species that can potentially influence soil C accumulation,
C:N ratios, and N availability*’. Further, erosional supply of geologic N
is higher in mountainous terrain? and could contribute to enhanced N
storage. Nevertheless, our isotopic evidence is consistent with
increasing microbial N limitation at higher elevations® and a shift in
the proportion of N lost from highly fractionating (e.g., denitrification)
to less fractionating (e.g., hydrologic leaching) processes®.

Our results identify a large and potentially vulnerable pool of soil
nitrogen across tropical montane forests. Montane forests are
increasingly subject to the direct effects of agricultural expansion and
from deforestation-driven amplification of warming®. Regional
warming is occurring at a faster rate in mountains than lowland tro-
pical land areas®, potentially jeopardizing these large stocks of soil
organic N via enhanced microbial processing. While our findings reveal
emergent climate sensitivities of the soil microbial N cycle, any net
ecosystem-level warming effects will depend on the climate sensitives
of multiple N sources, sinks and their interaction, including biological
N fixation and plant uptake. The degree to which N availability will limit
warming-induced enhancement of montane forest productivity, or
alternately result in enhanced N losses to water and the atmosphere,
will depend on how microbial N turnover and supply keep pace with
demand.

Methods

Data assembly

We conducted an extensive web-based search for studies reporting
mineral soil (<30 cm depth or by horizon) N concentrations (% N) and
8N from mature humid tropical forests (MAP > 1200, latitude + 23.5°
N and S of the equator) where samples were collected along a con-
tinuous elevational transect. We first used expert knowledge of tro-
pical elevational transect studies with soil N and/or 8“N data and then
conducted a Google Scholar search with the terms “tropical montane/
mountain forest soil”, “tropical montane/mountain elevational/altitu-
dinal gradient/transect”, “tropical montane/mountain N isotope/15 N/
8N, and “tropical montane/mountain forest nitrogen cycle/cycling”.
In total, 16 independent elevational gradient transects were identified
for a total of 174 soil N concentration and 168 soil §°N observations.
Natural abundance isotope ratios (§"N) are reported as %o = [(Rsample/
Rstandard)-11 X 1000, where R ="N:*N of the sample and the standard,
with the standard as the background atmospheric ratio of ®N:*N. Five
transects included both bulk soil §°N and N concentrations (Costa
Rica"*, Trinidad®, Borneo™, Australia®), four transects reported only
8N (the Democratic Republic of the Congo®, Rwanda*, Ecuador’?*),
and seven reported only N concentrations (Cameroon®®, Colombia’,
Costa Rica®, Hawaii’, Peru’, Papua New Guinea”*%; Supplementary
Table 1). Two of the sixteen transects were established as part of pre-
vious sampling campaigns at Volcan Orosi in Costa Rica” and the
Northern Range of Trinidad®. Here, we collected and composited four
mineral soil samples (0-20 cm) from 33 and 37 locations distributed
across elevation. We included an additional 85 lowland sites from a
global soil N concentration and 8N dataset” previously aggregated to

0.1° latitude and longitude. While reported sampling depths varied
across studies, we excluded all soils >30 cm depth and those classified
as organic horizons (Oi, Oa, Oe). However, we cannot rule out the
possibility that some studies incorporated organic soils in cases where
sampling procedures were not described in detail. Further, it is pos-
sible that differences in analytical methods for the determination of N
(e.g., Kjeldahl digestion, Dumas combustion) may have influenced our
analysis. Geolocation data was requisite for all N concentrations and
6"N values to extract gridded ancillary data. For studies’™*** that
provided a map figure with no sampling geolocation data, coordinates
were derived by georeferencing map figures and extracting the coor-
dinates from the map. For studies without open-source raw data or
summary tables, figures were digitized to extract values with Plot
Digitizer (version 2.6.8.).

Quantifying tropical montane forest extent

Montane terrain was defined using a six-tier geospatial classification
framework® combining slope, elevation, and local elevation range
(LER) using a -1 km cell resolution global DEM (USGS GTOPO30). LER is
calculated as the difference between the maximum and minimum
elevation within a 5 km radius of each grid cell to identify areas of low
elevation but high relief (i.e., rugged topography). Montane land sur-
faces are pixels with an elevation > 2500 (m a.s.l.), surfaces between
1500-2499 m a.s.l. with slopes > 2°, and surfaces between the eleva-
tions of 1000-1499 m a.s.l. with slopes > 5° or an LER of > 300 m.
Between the elevations of 300-999 m a.s.l., montane classification is
restricted to LER values > 300 m. All terrain <300 m a.s.l. is classified as
non-mountain or lowland. To restrict output to forested areas, we
created a pantropical forest mask using 2010 global tree cover®® and
classified pixels with > 10% tree cover and MAP >1200 mm as humid
tropical forest. Each sampling point in our soil chemistry dataset was
then mapped onto this forest layer and classified as montane or low-
land. All geospatial analyses were conducted using R (v4.0.3, R Core
Team 2022)°' and ESRI ArcGIS Pro (ESRI 2019).

Drivers of soil N and 6N
We fit linear mixed-effect regression models using maximum likelihood
(Ime4 and ImerTest packages in R)*>** to examine relationships between
soil C:N, N concentrations, and 8N and elevation across the 16 trans-
ects. A transect-specific identifier variable was used as a random effect
in all models to account for violations of independence from sampling
within individual transects. 95% confidence intervals were calculated
using Monte-Carlo simulations for all figures containing transect-
derived data in which model error was randomly simulated around
mean response values 1000 times using the standard deviation from
which the inner 95% was calculated. Response and predictor variables
that did not exhibit normal distributions were log-transformed (log.)
before statistical analyses. All statistical analyses were conducted in R
(v4.0.3, R Core Team 2022)°.. Significance was set a priori to o =0.05.
Linear mixed-effect regression models were fit to identify the
main drivers in the distribution of tropical forest soil §“°N and N con-
centrations by examining biophysical parameters previously shown to
influence N cycling processes (elevation, temperature, precipitation,
slope angle, percentage clay, and SOC). SOC was used in models of "N
but not N concentrations due to lack of independence between
organic C and N in SOM. N pools were calculated by multiplying
reported soil N concentrations and modeled bulk density for 0-20 cm
(250 m resolution)*. Although MAT and elevation exhibit strong col-
linearity, both were initially included in the full model to determine
their relative explanatory power, although model selection subse-
quently removed elevation from all models. Model refinement was
conducted using a selection criterion of A AIC>2 or greater (dredge
function in R)**. We next used hierarchical partitioning analysis to
decompose the relative importance of drivers of 8°N and N con-
centrations in the respective regression models with the Relaimpo
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package®. Model variance is reported using the R, summary
statistic and include both the R(zc) (variance explained by the entire
model) and R(Zm) (variance explained by the fixed effect; MuMin
package®’). We evaluated error between regression predictions and
observed soil N concentrations and &N using mean absolute
error (MAE).

To evaluate the temperature sensitivity of the soil N cycle, we
calculated an apparent Qy by fitting an exponential function of soil N
concentrations to the elevational distribution of MAT. Although &“N
increases non-linearly with increasing elevational temperature, we did
not evaluate Q;o due to non-proportionality of "N values. Least-
square estimates of the regression parameters for all nonlinear models
and significance tests for the exponential term were derived from the
nistools package®®.

soil N concentration (%) = (3.158)%- 060 MAT 6))

soi] N pool (kg m2) — (6.545)0.066.MAT (2)

and then using results to calculate Qyo:

10

(NZ/NI)MATZ—MATI 3)

where N; and N, values represent the soil N concentrations from the
curve fit with MAT from Egs. 1 and 2 and MAT; and MAT, are 10
and 20 °C.

Mapping soil N pools and 6N

To create pantropical maps of soil 8°N and N pools (Fig. 1d-i), we
multiplied model coefficients from our statistical models with
respective gridded variables, including a binary gridded layer of each
tropical region at -1 km resolution. Pantropical soil N pools were then
calculated by summing mapped N pool data for the entire tropics,
tropical montane, and lowland forests. Uncertainty around our esti-
mates was derived from the multiplication of model SE and the 95%
confidence interval critical t-distribution value (¢") which is a function
of model degrees of freedom.

Upper/Lower CI=N pool +t" - SE “4)
8N model results were compared to observed values based on the
respective modeled values extracted from the sampled geographic
coordinates along the transects. The gridded global N pool model was
calculated based on observed N concentrations from the transect and
lowland forest datasets and modeled bulk density. Finally, we com-
pared our observations of soil N concentrations to those simulated at
250 m resolution by SoilGrids 2.0 (ref. 23) for the same montane
coordinates (Supplementary Fig. 10).

Data availability

The data that support the findings of this study are available in the
public open access data repository: https://datadryad.org/stash/share/
Ywp2F5vNN9SKWiivjaLf94z4mbBebYOylOekLhBZmIE.

References

1. von Humboldt, A., and A. Bonpland. Essai sur la geographiedes
plantes. Chez Levrault, Schoell et Campagnie, Libraries,
Paris.(1805).

2. Malhi, Y. et al. Introduction: elevation gradients in the tropics:
laboratories for ecosystem ecology and global change research.
Glob. Change Biol. 16, 3171-3175 (2010).

3. Nottingham, A. T. et al. Climate warming and soil carbon in tropical
forests: insights from an elevation gradient in the Peruvian Andes.
BioScience 65, 906-921 (2015).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Malhi, Y. et al. The variation of productivity and its allocation along a
tropical elevation gradient: a whole carbon budget perspective. N.
Phytologist 214, 1019-1032 (2017).

Nottingham, A. T. et al. Soil microbial nutrient constraints along a
tropical forest elevation gradient: a belowground test of a biogeo-
chemical paradigm. Biogeosciences 12, 6071-6083 (2015).
Nottingham, A. T. et al. Microbes follow Humboldt: temperature
drives plant and soil microbial diversity patterns from the Amazon
to the Andes. Ecology 99, 2455-2466 (2018).

Jenny, H., Bingham, F. & Padillasaravia, B. Nitrogen and organic
matter contents of equatorial soils of Colombia, South-America.
Soil Sci. 66, 173-186 (1948).

Tanner, E., Vitousek, P. & Cuevas, E. Experimental investigation of
nutrient limitation of forest growth on wet tropical mountains.
Ecology 79, 10-22 (1998).

Vitousek, P. M., Matson, P. A. & Turner, D. R. Elevational and age
gradients in Hawaiian montane rainforest: foliar and soil nutrients.
Oecologia 77, 565-570 (1988).

Vitousek, P. M. & Sanford, R. L. Nutrient cycling in moist tropical
forest. Annu. Rev. Ecol. Syst. 17, 137-167 (1986).

Krishnaswamy, J., John, R. & Joseph, S. Consistent response of
vegetation dynamics to recent climate change in tropical mountain
regions. Glob. Change Biol. 20, 203-215 (2014).

Duque, A. et al. Mature Andean forests as globally important carbon
sinks and future carbon refuges. Nat. Commun. 12, 2138 (2021).
Fadrique, B. et al. Widespread but heterogeneous responses of
Andean forests to climate change. Nature 564, 207-212 (2018).
Nottingham, A. T. et al. Microbial responses to warming enhance
soil carbon loss following translocation across a tropical forest
elevation gradient. Ecol. Lett. 22, 1889-1899 (2019).

Marrs, R. H., Proctor, J., Heaney, A. & Mountford, M. D. Changes in
soil nitrogen-mineralization and nitrification along an altitudinal
transect in tropical rain forest in Costa Rica. J. Ecol. 76,

466-482 (1988).

Grubb, P. J. Control of forest growth and distribution on wet tropical
mountains: with special reference to mineral nutrition. Annu. Rev.
Ecol. Syst. 8, 83-107 (1977).

Wolf, K., Veldkamp, E., Homeier, J. & Martinson, G. O. Nitrogen
availability links forest productivity, soil nitrous oxide and nitric
oxide fluxes of a tropical montane forest in southern Ecuador. Glob.
Biogeochem. Cycles 25, GB4009 (2011).

Barthel, M. et al. Low N20 and variable CH4 fluxes from tropical
forest soils of the Congo Basin. Nat. Commun. 13, 330 (2022).
Brookshire, E. N. J., Hedin, L. O., Newbold, J. D., Sigman, D. M. &
Jackson, J. K. Sustained losses of bioavailable nitrogen from mon-
tane tropical forests. Nat. Geosci. 5, 123-126 (2012).

Rutting, T. et al. Leaky nitrogen cycle in pristine African montane
rainforest soil. Glob. Biogeochem. Cycles 29, 1754-1762 (2015).
Batjes, N. H. Total carbon and nitrogen in the soils of the world. Eur.
J. Soil Sci. 47, 151-163 (1996).

Hengl, T. et al. SoilGrids250m: Global gridded soil information
based on machine learning. PLoS ONE 12, e0169748 (2017).
Poggio, L. et al. SailGrids 2.0: producing soil information for the
globe with quantified spatial uncertainty. SOIL 7, 217-240

(2021).

Bauters, M. et al. Parallel functional and stoichiometric trait shifts in
South American and African forest communities with elevation.
Biogeosciences 14, 5313-5321 (2017).

Dalling, J. W., Heineman, K., Gonzalez, G. & Ostertag, R. Geo-
graphic, environmental and biotic sources of variation in the nutri-
ent relations of tropical montane forests. J. Tropical Ecol. 32,
368-383 (2016).

Porder, S., Vitousek, P., Chadwick, O., Chamberlain, C. & Hilley, G.
Uplift, erosion, and phosphorus limitation in terrestrial ecosystems.
Ecosystems 10, 158-170 (2007).

Nature Communications | (2022)13:7364


https://datadryad.org/stash/share/Ywp2F5vNN9SKWiivJaLf94z4mbBebY0yl0ekLhBZmlE
https://datadryad.org/stash/share/Ywp2F5vNN9SKWiivJaLf94z4mbBebY0yl0ekLhBZmlE

Article

https://doi.org/10.1038/s41467-022-35170-z

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

Houlton, B. Z., Morford, S. L. & Dahlgren, R. A. Convergent evidence
for widespread rock nitrogen sources in Earth’s surface environ-
ment. Science 360, 58-62 (2018).

Hilton, R. G., Galy, A., West, A. J., Hovius, N. & Roberts, G. G. Geo-
morphic control on the delta N-15 of mountain forests. Bio-
geosciences 10, 1693-1705 (2013).

Vitousek, P. M., Van Cleve, K., Balakrishnan, N. & Mueller-Dombois,
D. Soil development and nitrogen turnover in montane rainforest
soils on Hawai'i. Biotropica 268-274 (1983).

Taylor, P. G. et al. Temperature and rainfall interact to control car-
bon cycling in tropical forests. Ecol. Lett. 20, 779-788 (2017).
Houlton, B. & Bai, E. Imprint of denitrifying bacteria on the global
terrestrial biosphere. Proc. Natl Acad. Sci. USA 106,

21713-21716 (2009).

Shi, Z. et al. The age distribution of global soil carbon inferred from
radiocarbon measurements. Nat. Geosci. 13, 555-559 (2020).
Craine, J. M. et al. Ecological interpretations of nitrogen isotope
ratios of terrestrial plants and soils. Plant and Soil 396, 1-26 (2015).
Hogberg, P. Tansley Review No. 95. 15N Natural Abundance in Soil-
Plant Systems. N. Phytologist 137, 179-203 (1997).

Martinelli, L. et al. Nitrogen stable isotopic composition of leaves
and soil: Tropical versus temperate forests. Biogeochemistry 46,
45-65 (1999).

Amundson, R. et al. Global patterns of the isotopic composition of
soil and plant nitrogen. Glob. Biogeochem. Cycles 17, (2003).
Craine, J. M. et al. Convergence of soil nitrogen isotopes across
global climate gradients. Sci. Rep. 5, 8280 (2015).

Mooshammer, M. et al. Adjustment of microbial nitrogen use effi-
ciency to carbon:nitrogen imbalances regulates soil nitrogen
cycling. Nat. Commun. 5, 3694 (2014).

Camenzind, T., Hattenschwiler, S., Treseder, K. K., Lehmann, A. &
Rillig, M. C. Nutrient limitation of soil microbial processes in tropical
forests. Ecol. Monogr. 88, 4-21(2018).

Mariotti, A., Pierre, D., Vedy, J. C., Bruckert, S. & Guillemot, J. The
abundance of natural nitrogen 15 in the organic matter of soils
along an altitudinal gradient (Chablais, Haute Savoie, France).
Catena 7, 293-300 (1980).

Sena-Souza, J. P., Houlton, B. Z., Martinelli, L. A. & Nardoto, G. B.
Reconstructing continental-scale variation in soil 315N: a machine
learning approach in South America. Ecosphere 11, e03223 (2020).
Nottingham, A. T., B&ath E., Reischke, S., Salinas, N. & Meir, P.
Adaptation of soil microbial growth to temperature: Using a tropical
elevation gradient to predict future changes. Glob. change Biol. 25,
827-838 (2019).

Liu, Y. et al. A global synthesis of the rate and temperature sensi-
tivity of soil nitrogen mineralization: latitudinal patterns and
mechanisms. Glob. Change Biol. 23, 455-464 (2017).

Davidson, E. A. & Janssens, |. A. Temperature sensitivity of soil
carbon decomposition and feedbacks to climate change. Nature
440, 165-173 (2006).

Zimmermann, M. & Bird, M. |. Temperature sensitivity of tropical
forest soil respiration increase along an altitudinal gradient with
ongoing decomposition. Geoderma 187-188, 8-15 (2012).

Page, S. E., Rieley, J. O. & Banks, C. J. Global and regional impor-
tance of the tropical peatland carbon pool. Glob. Change Biol. 17,
798-818 (2011).

Wright, S. J. Plant responses to nutrient addition experiments con-
ducted in tropical forests. Ecol. Monogr. 89, e01382 (2019).
Brookshire, E. N. J., Gerber, S., Menge, D. N. L. & Hedin, L. O. Large
losses of inorganic nitrogen from tropical rainforests suggest a lack
of nitrogen limitation. Ecol. Lett. 15, 9-16 (2012).

Corrales, A., Henkel, T. W. & Smith, M. E. Ectomycorrhizal associa-
tions in the tropics—biogeography, diversity patterns and ecosys-
tem roles. N. Phytologist 220, 1076-1091 (2018).

50. Zeng, Z. et al. Deforestation-induced warming over tropical
mountain regions regulated by elevation. Nat. Geosci. 1-7 https://
doi.org/10.1038/s41561-020-00666-0 (2020).

51. Nogués-Bravo, D., Araujo, M. B., Errea, M. P. & Martinez-Rica, J. P.
Exposure of global mountain systems to climate warming during
the 21st Century. Glob. Environ. Change 17, 420-428 (2007).

52. Weintraub, S. R., Cole, R. J., Schmitt, C. G. & All, J. D. Climatic
controls on the isotopic composition and availability of soil nitrogen
across mountainous tropical forest. Ecosphere 7, e01412 (2016).

53. Brookshire, E. N. J. & Thomas, S. A. Ecosystem consequences of tree
monodominance for nitrogen cycling in lowland tropical forest.
PLoS ONE 8, 70491 (2013).

54. Kitayama, K. & lwamoto, K. Patterns of natural 15N abundance in the
leaf-to-soil continuum of tropical rain forests differing in N avail-
ability on Mount Kinabalu, Borneo. Plant Soil 229, 203-212 (2001).

55. Bauters, M. et al. Contrasting nitrogen fluxes in African tropical
forests of the Congo Basin. Ecol. Monogr. 89, e01342 (2019).

56. Proctor, J., Edwards, I. D., Payton, R. W. & Nagy, L. Zonation of forest
vegetation and soils of Mount Cameroon, West Africa. Plant Ecol.
192, 251-269 (2007).

57. Grubb, P. J. & Stevens, P. F. The Forests of the Fatima Basin and Mt
Kerigomna, Papua New Guinea with a Review of Montane and Sub-
alpine Rainforests in Papuasia (Department of Human Geography,
Research School of Pacific Studies..., 2017).

58. Dieleman, W. I. J., Venter, M., Ramachandra, A., Krockenberger, A.
K. & Bird, M. . Soil carbon stocks vary predictably with altitude in
tropical forests: Implications for soil carbon storage. Geoderma
204-205, 59-67 (2013).

59. Kapos, V., Rhind, J., Edwards, M., Price, M. F. & Ravilious, C. in
Forests in sustainable mountain development: a state of knowledge
report for 2000. Task Force on Forests in Sustainable Mountain
Development. 4-19 (CABI, 2000). https://doi.org/10.1079/
9780851994468.0004.

60. Sexton, J. O. et al. Global, 30-m resolution continuous fields of tree
cover: Landsat-based rescaling of MODIS vegetation continuous
fields with lidar-based estimates of error. Int. J. Digital Earth 6,
427-448 (2013).

61. R Core Team. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. https://www.R-
project.org (2022).

62. Bates, D., Maechler, M., Bolker, B. & Walker, S. Fitting linear mixed-
effects models using Ime4. J. Stat. Softw. 67, 1-48, https://doi.org/
10.18637/jss.v067.i101 (2015).

63. Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. ImerTest
Package: tests in linear mixed effects models. J. Stat. Softw. 82,
1-26 (2017).

64. Barton K. MuMIn: Multi-Model Inference. R package version
1.43.17 (2020).

65. Gromping, U. Relative Importance for Linear Regression in R: The
Package Relaimpo. J. Stat. Softw. 17, 1-27 (2006).

66. Baty, F. et al. A Toolbox for Nonlinear Regression in R: The Package
nlstools. J. Stat. Softw. 66, 1-21 (2015).

Acknowledgements
This research was supported by the National Science Foundation (OIA-
1632810) and the Montana Agricultural Experiment Station to E.N.J.B.

Author contributions

E.N.J.B. and J.D.G. designed the research. E.N.J.B. collected original
data. J.D.G. and B.C. performed data analysis. All authors contributed to
data interpretation and writing.

Competing interests
The authors declare no competing interests.

Nature Communications | (2022)13:7364


https://doi.org/10.1038/s41561-020-00666-0
https://doi.org/10.1038/s41561-020-00666-0
https://doi.org/10.1079/9780851994468.0004
https://doi.org/10.1079/9780851994468.0004
https://www.R-project.org
https://www.R-project.org
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01

Article

https://doi.org/10.1038/s41467-022-35170-z

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35170-z.

Correspondence and requests for materials should be addressed to E.

N. J. Brookshire.

Peer review information Nature Communications thanks Patrick
Schleppi, the anonymous reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:7364


https://doi.org/10.1038/s41467-022-35170-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Global distribution and climate sensitivity of the tropical montane forest nitrogen cycle
	Results and discussion
	Elevational patterns of soil N and δ15N
	Drivers of tropical soil N content and δ15N
	Global distribution of tropical montane forest soil N pools and δ15N

	Methods
	Data assembly
	Quantifying tropical montane forest extent
	Drivers of soil N and δ15N
	Mapping soil N pools and δ15N

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




