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The biogeochemical cycles of carbon (C), nitrogen (N) and phos-
phorus (P) are interlinked by primary production, respiration and
decomposition in terrestrial ecosystems’. It has been suggested that
the C, N and P cycles could become uncoupled under rapid climate
change because of the different degrees of control exerted on the
supply of these elements by biological and geochemical processes' .
Climatic controls on biogeochemical cycles are particularly relevant
in arid, semi-arid and dry sub-humid ecosystems (drylands) because
their biological activity is mainly driven by water availability®.
The increase in aridity predicted for the twenty-first century in
many drylands worldwide’"' may therefore threaten the balance
between these cycles, differentially affecting the availability of essen-
tial nutrients'>"'*. Here we evaluate how aridity affects the balance
between C, N and P in soils collected from 224 dryland sites from
all continents except Antarctica. We find a negative effect of aridity
on the concentration of soil organic C and total N, but a positive
effect on the concentration of inorganic P. Aridity is negatively
related to plant cover, which may favour the dominance of physical
processes such as rock weathering, a major source of P to ecosys-
tems, over biological processes that provide more C and N, such as
litter decomposition’>"*. Our findings suggest that any predicted
increase in aridity with climate change will probably reduce the
concentrations of N and C in global drylands, but increase that of
P. These changes would uncouple the C, N and P cycles in drylands
and could negatively affect the provision of key services provided by
these ecosystems.

Biogeochemical cycles are biologically coupled, on molecular to global
scales, owing to the conserved elemental stoichiometry of plants and
microorganisms that drive the cycling of C, N and P (ref. 1). The avai-
lability of C and N is primarily linked to biological processes such
as photosynthesis, atmospheric N fixation and subsequent microbial
mineralization'*'*. However, available P for plants and microorganisms™""*
is derived mainly from mechanical rock weathering and, to a lesser extent,
from the decomposition of organic matter'>~**. The importance of bio-
logical control of nutrient cycling relative to geochemical control has
been shown to change with ecosystem development™'>'*. For example,
during the earliest stages of ecosystem succession, a relative prevalence
of geochemical control on nutrient cycling means that P is made avai-
lable by mechanical rock weathering, but that N and C are scarce,
leading to a disparity in the C, N and P cycles relative to plant nutrient
requirements'>™'°. Climatic controls on ecosystem development and
biogeochemical cycles are particularly relevant in drylands because their
biological activity is mainly driven by water availability®®. Drylands
cover about 41% of Earth’s land surface and support more than 38% of
the global human population'’, constituting the largest terrestrial biome
on the planet'®. The increase in aridity predicted for the late-twenty-first
century in many regions worldwide will increase the total area of dry-
lands globally’™'". These changes are predicted to exacerbate processes
leading to land degradation and desertification, which already threaten
the livelihood of more than 250 million people living in drylands'”'®.
For example, a worldwide decrease in soil moisture by 5-15% has been
predicted for the 2080-2099 period''. Of particular concern is that the
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biogeochemical cycles of C, N and P could become uncoupled under
rapid climate change because of the different degrees of control exerted
on these elements by biological and geochemical processes' . As the
global human population continues to grow, we will rely increasingly
on marginal lands—particularly drylands—for the production of food,
wood and biofuels, and to offset the emission of greenhouse gases™*'”*%.
These ecosystem services can be greatly and negatively affected by the
decoupling of the biogeochemical cycles of C, N and P in soils>*'"'®,
Despite the importance of these cycles for ecosystem functioning and
human welfare, it is largely unknown how predicted increases in aridity
may influence them*'?, and no global field studies have yet been con-
ducted on this topic'’.

We evaluated how aridity affects the balance between C, N and P in
soils collected from 224 dryland sites from all continents except Antarctica.
Because aridity is a fundamental driver of biological and geochemical
processes in drylands®'>"7, we predicted that increasing aridity would
reduce biological activity*® and, therefore, the availability in nutrients
under more strict biological control® (C and N), but would favour the
relative dominance of nutrients linked to geochemical processes'*'>*
(P), causing a stoichiometric imbalance in the nutrient cycles associ-
ated with C and N (ref. 3). We selected organic C, total N and total P as
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surrogates for C, N and P availability because they were highly related
to other available C, N and P forms for plants and microorganisms
such as dissolved carbohydrates, amino acids, inorganic N, Olsen inor-
ganic P and HCI-P (fraction of P linked to calcium carbonate minerals)
(Methods). Negative quadratic relationships were observed between
aridity and both organic C and total N concentrations (Fig. 1a, c).
Although nonsignificant, a positive trend was observed between aridity
and total P (Fig. 1e). This relationship was significant when inorganic P
was considered instead of total P (Extended Data Fig. 1a). Likewise, a
negative quadratic relationship was observed between aridity and the
N:P and C:P concentration ratios (Fig. 1b, d and Extended Data Fig. 1b, c).
The C:N ratio decreased linearly with increasing aridity (Fig. 1f). Similar
results were found when evaluating relationships between aridity and
more labile C (carbohydrates), N (sum of dissolved inorganic N and
amino acids) and P (available P) fractions, as well as with their respective
C, N and P ratios (Extended Data Fig. 2). Mechanical rock weathering is
the main P input into terrestrial ecosystems, but N is either absent from
or uncommon in primary minerals, and inputs therefore are largely
derived from atmospheric N fixation, deposition or both'*'*. Although
rates of biological weathering should decrease with increasing aridity,
mechanical rock weathering may increase with aridity, releasing P-bearing

b

r2.5
R? =0.238; P < 0.001

2.0

(pewuiossuesy-°+Bo| ‘ssepun) d:N

2.5 T T d r T T T T T T T
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 1.0
d
4.0 r3.5

R? = 0.349; P < 0.001

Total N
(mg N kg™ soil, log, ,-transformed) o

R? =0.291; P < 0.001

(pewuiossuesy-°+Bo| ‘sseppun) 4:0

2.0 T T T y T T T | r T T T T T T T 0.0
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 10
f
3.5 r1.5

R? =0.009; P < 0.169

(mg P kg™ sail, log, ,-transformed) ®

R? =0.037; P < 0.004

Q
=z
z
3.
&
[
wn
o 2
3 & 8
= e° e . ° tlosn
° =
1.81 : 7}
o o ° ° o L0.3 §
1.5 ° g 3

1.2 _— e 0.0

02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 1.0

Aridity (unitless)

Figure 1 | Relationships between aridity and C, N and P at our study sites.
a, Organic C; b, N:P; ¢, total N; d, C:P; e, total P; f, C:N. Aridity is defined as
1 - Al where Al the ratio of precipitation to potential evapotranspiration,

is the aridity index. The solid and dashed lines represent the fitted quadratic
regressions and their 95% confidence intervals, respectively. R?, proportion of
variance explained.
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minerals'*'**". Furthermore, the reduced plant activity and nutrient
uptake typically observed in the most arid sites can also promote a
higher availability of P at these sites>”'>*. In addition, we found a
positive relationship between aridity and the concentration of HCI-P
(Extended Data Fig. 3). These results suggest that at least part of the
increase in P derived from increasing aridity may be associated with the
calcium carbonate minerals. High concentrations of calcium carbo-
nates are likely to occur in the most arid soils because the low rainfall
and high evaporation prevent weathering products from being washed
out of the soil profile.

To clarify the effects and relative importance of aridity on the avail-
ability of C, N and P, we generated a structural equation model based
on the known effects and relationships between key drivers of organic
C, total N and total P (Extended Data Fig. 4). We included in this model
phosphatase activity, which is the enzyme responsible for releasing inor-
ganic P from organic sources and is considered a surrogate of bio-
logical P demand'>****. Our model explained 43%, 26% and 53% of the
variance in the organic matter component (first component from a
principal-component analysis (PCA) conducted with organic C and
total N), total P and phosphatase activity, respectively. Aridity had a
direct negative effect on the organic matter component and phos-
phatase activity, but a positive effect on total P (Fig. 2). In addition, aridity
was also the most important predictor of the organic matter component
and phosphatase activity (Fig. 3). Similar results were found when we
used inorganic P instead of total P in this model (Extended Data Figs 5
and 6) and when we included a more labile organic matter component
(first component from a PCA with carbohydrates and available N) and
available P (Extended Data Figs 7 and 8).

Our results imply a set of predictions. Forecasted increases in aridity
in drylands globally®~'" are expected to lead to severe nutrient depletion™
in these environments, particularly in the most arid sites. For example,
the observed decrease in N in drylands with increasing aridity (probably
derived from the higher soil erosion and the lower plant cover), which

0.43+ R2=0.18

22 =13.70,P=0.01,d.o.f. =4
Bootstrap P = 0.04
RMSEA = 0.10, P = 0.06

Total P

R?=10.26

Figure 2 | Effects of aridity, clay percentage, plant cover and site position on
the organic matter component, total-P concentration and phosphatase
activity. Spatial coordinates of the study sites are expressed in terms of distance
from Equator (De) and longitude (Lon). Numbers adjacent to arrows are
standardized path coefficients, analogous to relative regression weights, and
indicative of the effect size of the relationship. Continuous and dashed arrows
indicate positive and negative relationships, respectively. Arrow width is
proportional to the strength of the relationship. The proportion of variance
explained (R?) appears alongside every response variable in the model.
Goodness-of-fit statistics for each model are shown in the lower right corner
(d.o.f,, degrees of freedom; RMSEA, root mean squared error of
approximation). There are some differences between the a-priori model and the
final model structures, owing to removal of paths with coefficients close to zero
(see the a-priori model in Extended Data Fig. 4). Hexagons are composite
variables™. Squares are observable variables. The organic matter component
(OMC) is the first component from a PCA conducted with soil organic carbon
(OC) and total nitrogen (TN). *P < 0.05, ¥*P < 0.01, ***P < 0.001.
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Figure 3 \ Standardized total effects (direct plus indirect effects) derived
from the structural equation modelling. These include the effects of aridity,
percentage of clay, plant cover, distance from Equator (De) and longitude (Lon)
on the organic matter component (OMGC; first component from a PCA
conducted with soil organic C and total N), total P and phosphatase activity
(PhA). SEM, structural equation model.

are already poor in nutrients*'?, could inhibit N mineralization in

soils, potentially leading to a positive feedback on nutrient availability**
(Extended Data Figs 9 and 10). The observed increase in the N:P ratio
with decreasing aridity is similar to what would be expected during
long-term ecosystem development'*'*. Although this progression has
been described on the geological timescale (thousands to millions of
years), and changes in aridity occur on the ecological timescale (tens to
thousands of years), the processes may share the same biogeochemical
signatures, such as N and P accumulation mediated by shifts in the
relative importance of biological and geochemical processes'>'. Thus,
in the more arid sites, inorganic P accumulates by geochemical weathe-
ring because of the low net primary production and nutrient plant
uptake characterizing these ecosystems, and is associated with calcium
carbonate minerals. However, N is only slowly incorporated by N
fixation'*'*, being also limited by low C (energy) availability"’. In the
less arid sites (dry sub-humid ecosystems), where N and C are already
available for plants and microorganisms, P becomes available through
the activity of extracellular phosphatase enzymes'* (which require N
investment), coupling P availability to biological processes™.

©2013 Macmillan Publishers Limited. All rights reserved



Predicted increases in aridity, and, hence, decreases in water avail-
ability, are also expected to reduce plant cover in drylands® (Fig. 2),
favouring the dominance of physical processes®" (for example the abra-
sion of exposed rock surfaces by wind-blown sands) over biological
processes (for example litter decomposition and N fixation), decreasing
the concentration of N and C (for example because of the wind erosion)
and increasing the concentration of P (for example because of bedrock
rejuvenation) in soils, hence distorting soil C, N and P cycles'*'. Carbon
and N become uncoupled from P in response to increasing aridity
(Fig. 1). Under arid and semi-arid conditions, the reduced availability
of C and N may unbalance the concentrations of C, N and P, con-
straining plant and microbial activity and diversity"*. This may have
an important negative effect on primary production and organic matter
decomposition"'***, even when P is available. In addition, the observed
decrease in phosphatase activity and the increase in P observed in coarser,
sandier soils with increasing aridity suggests that key abiotic and biotic
processes, such as soil formation and organic matter decomposition,
may be reduced with increasing aridity*'. The decrease in the C:N ratio
with increasing aridity observed here accords with experimental studies
showing that drought periods decouple C and N cycles in drylands™.
Although organic C and total N are strongly correlated in the studied
sites (Pearson’s r = 0.92), our results suggest that future climatic con-
ditions will promote N losses in drylands, particularly if increases in
aridity reduce vegetation cover in these ecosystems (Fig. 2). The imba-
lance observed in the C, N and P cycles with increasing aridity may have
other important consequences for drylands. For example, reductions in
N availability as a consequence of increases in aridity will limit the capa-
city of plant primary productivity to buffer human-induced increases
in atmospheric CO, concentrations, because the rate of photosyn-
thesis is proportional to the amount and activity of the N-rich enzyme
ribulose bisphosphate carboxylase/oxygenase in leaves"**. This would
contribute to a warmer world by the end of the twenty-first century,
by limiting the capacity of plants and microorganisms to fix CO,
derived from human activities"**°. In addition, decreases in the supply
of N relative to that of P may have a short-term effect by differen-
tially constraining the growth rates of plant species based on their
stoichiometry”. Such reductions may also have long-term evolutionary
effects by selecting plants and microorganisms with different levels of
N in their nucleotides, potentially altering ecosystem structural and
functional traits’.

Our results indicate that the coupling between biogeochemical cycles
in drylands will be particularly fragile in the face of rapid climate change,
especially in the areas of transition between semi-arid and arid climates.
Carbon, N and P availability seemed to be more resistant to changes in
aridity in the transition from dry sub-humid to semi-arid climates
than from semi-arid to arid, where we observed substantial and abrupt
declines in organic C and total N, but an increase in inorganic P
(Fig. 1a, ¢; Extended Data Fig. 1a). Similarly, we observed an abrupt
decrease in the N:P and C:P ratios between semi-arid and arid sites,
which was not observed in the C:N ratio (Fig. 1b, d, ). Evaluation of
critical global transitions and tipping points is of major importance in
assessing the effects of global change on ecosystems, and is an area of
active research”. The abrupt changes observed in the C:P and N:P
ratios in the transitions from semi-arid to arid climates, together with
the predicted increase in the proportion of global drylands considered
to be arid’, may force these systems into a long process towards the
recovery of ecosystem stoichiometry.

Our findings suggest that the predicted increase in aridity across
drylands worldwide will reduce the concentration of biologically con-
trolled C and N, but will increase that of P, which is primarily derived
from rock weathering. These changes are likely to interrupt the C, N
and P cycles in drylands in a nonlinear manner, and will have negative
effects on biogeochemical reactions controlling key ecosystem func-
tions (for example primary production, respiration and decomposi-
tion) and services (for example food production and carbon storage)
from local to global scales'.
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METHODS SUMMARY

Field data were collected from 224 dryland sites located in 16 countries from all
continents except Antarctica. At each site, to measure the total cover of perennial
plants we established a 30 m X 30 m plot representative of the dominant vegetation®.
Five composite samples (0-7.5-cm depth) were randomly taken under the canopy
of the dominant perennial plant species and in open areas devoid of perennial
vegetation. The percentage of perennial plant cover; the percentage of clay; the
concentrations of organic C, total N and total P; and the activity of phosphatase
were determined as described in ref. 28. All these variables were then averaged to
obtain site-level estimates by using the mean values observed in bare ground and
vegetated areas, weighted by their respective cover at each site.

We first explored the relationship between aridity and organic C, total N, total P
and the N:P, C:P and N:C ratios by using either linear or curvilinear regressions.
We estimated the aridity" (1 - AI) of each site using data from the WorldClim global
database®. We then used structural equation modelling® to examine the relative
importance of aridity for organic C, total N, total P and phosphatase activity. Because
organic C and total N were very closely related (Pearson’s r = 0.92), we reduced
these two variables to a single variable using PCA of the correlation matrix. We
then introduced the first component of this PCA as a new variable into the model
(organic matter component).

We evaluated the fit of our model using the model *-test and the root mean
squared error of approximation; because the residuals of some data were not nor-
mally distributed, we confirmed fit using the Bollen-Stine bootstrap test (Fig. 2).

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Study site and data collection. Field data were collected from 224 dryland sites
located in 16 countries from all continents except Antarctica (see ref. 28 for full
details on the study sites sampled). Locations for this study were chosen to repre-
sent a wide spectrum of abiotic (climatic, soil type, slope) and biotic (type of vege-
tation, total cover, species richness) features characterizing drylands worldwide.
At each site, we established a 30 m X 30 m plot representative of the dominant
vegetation. Within each plot, we measured plant cover using the line-intercept
method along four 30-m-long transects separated 8 m from each other®. Soils
were sampled using a stratified random procedure. At each plot, five 50 cm X 50 cm
quadrats were randomly placed under the canopy of the dominant perennial plant
species and in open areas devoid of perennial vegetation, and a composite sample
(0-7.5-cm depth) was obtained from each of them (10-15 soil samples per site
were collected; over 2,600 samples were collected and analysed in total). After field
collection, soil samples were taken to the laboratory, where they were sieved, air-
dried for one month and stored for laboratory analyses. The clay percentage was
determined as described in ref. 28.

Selection of soil C, N and P surrogates. The biogeochemical cycles of C, N and
P are interlinked with primary production, respiration and decomposition in
terrestrial ecosystems"'>*'. All these nutrients have a large variety of forms in soils,
including different qualities (labile and recalcitrant) and chemistries'>*>** (orga-
nic and inorganic). Only some of them, however, are available for plants and
microorganisms'>*. Because of the importance of the biogeochemical cycles of
C, N and P on the plant and microorganism stoichiometries***, we focused our
study on the available nutrient forms for these organisms. Thus, we selected total
organic C as our surrogate of the C cycle because we observed that it is a parsimo-
nious summary of labile C sources available to soil microorganisms, as this variable
is strongly correlated with the availability of other C sources such as dissolved
carbohydrates (Pearson’s r = 0.59; P < 0.001) at the studied sites. Similarly, total N
was selected as our N-cycle surrogate because of its relationship to other N forms
available for plants and microorganisms, such as dissolved inorganic N (Pearson’s
r = 0.40, P < 0.001) and amino acids'>***"**** (Pearson’s r = 0.41, P < 0.001). Finally,
we selected total P as our P-cycle surrogate because of its relationship to other P
forms available for plants and microorganisms™'*~'>******!_In our study sites, total
P was positively related to available P (Olsen inorganic P; Pearson’s r = 0.43,
P<0.001) and HCI-P (Pearson’s r=0.23, P =0.001). The Olsen inorganic P
extract (available P) simulates the action of plant roots in dissolving P minerals,
and is considered as an index of plant-available P, and the 1 M HCl inorganic P
fraction (non-occluded) represents the P associated with calcium carbonate mine-
rals, which is available over long time periods®*¥***>*. The exchange between
P and carbonate minerals limits P availability in desert soils, and the precipita-
tion of phosphate with calcium establishes an upper limit for the availability of P
(refs 5,22,42-44).

To avoid problems associated with the use of multiple laboratories when ana-
lysing soils from different sites, and to facilitate the comparison of results between
them, dried soil samples from all the countries were shipped to Spain for analyses.
All the analyses for organic C, Olsen inorganic P, total P and phosphatase activity
were carried out at the laboratory of the Biology and Geology Department, Rey
Juan Carlos University (Mostoles, Spain). Analyses of total N were carried out at
the University of Jaén (Jaén, Spain). The remaining soil analyses were carried out at
the laboratory of the Department of Physical, Natural and Natural Systems, Pablo
de Olavide University (Sevilla, Spain). Organic C was determined by colorimetry
after oxidation with a mixture of potassium dichromate and sulphuric acid*®. Total
N was obtained using a CN analyser (Leco CHN628 Series, Leco Corporation).
Total P was measured using a Skalar San++ Analyzer after digestion with sul-
phuric acid. Olsen inorganic P was measured following a 0.5 M NaHCO; (pH 8.5)
extraction®”. Soil extracts in a ratio of 1:5 were shaken in a reciprocal shaker at
200 r.p.m. for 2h. An aliquot of the centrifuged extract was used for the colori-
metric determination of Olsen inorganic P, on the basis of its reaction with ammo-
nium molybdate; the pH of the extracts was adjusted with 0.1 M HCl when
necessary. The 1 M P HCI-P fraction was determined following the soil-P frac-
tionation protocol of ref. 38. The remaining soil variables were measured in K,SO4
0.5 M soil extracts in the ratio 1:5. Soil extracts were shaken on an orbital shaker
at 200 r.p.m. for 2h at 20 °C and filtered to pass a 0.45-um Millipore filter. The
filtered extract was kept at 2 °C until colorimetric analyses, which were conducted
within 24 h of the extraction. Subsamples of each extract were taken for measure-
ments of carbohydrates (sum of hexoses and pentoses) and amino acids according
to ref. 35. Inorganic-N (sum of ammonium and nitrate) concentrations were also
measured for each K,SO, 0.5M extract subsample with the indophenol blue
method described in ref. 47.

Rationale of the variables included in structural equation modelling. Aridity is
a fundamental driver of biological and geochemical processes™'>**=*" in arid,
semi-arid, and dry sub-humid ecosystems (areas where the ratio of precipitation
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to potential evapotranspiration is less than 0.65 (ref. 28); hereafter drylands), where
water availability is the most limiting resource®*'”'®. Aridity determines water
availability in drylands, and therefore has a substantial impact on factors such as
plant productivity, microbial activity, nutrient concentration and soil enzyme
activities®®'>'”'*. This environmental factor has both direct and indirect impacts
on ecosystem services, and on multiple processes directly related to ecosystem
functioning™. For example, increasing aridity in drylands has been observed to
decrease vegetation cover®, indirectly promoting soil erosion by wind?*->%'71%4531,
which can subsequently lead to land degradation and desertification
Wind erosion can removesilt, clay and organic matter from the surface soil, leaving
behind sand and infertile materials®'. In addition, aridity promotes soil drying,
increasing its salinity levels and enhancing soil erosion, which effects remove fine,
nutrient-rich particles such as clay®>%!7!18204331,

The cover of perennial vascular plants is also a key driver of ecosystem structure
and functioning in drylands, because this variable largely determines processes
such as plant facilitation, litter production and decomposition, and biological N
fixation, as well as the ability of landscapes to retain water and nutrients®>*,
Therefore, plant cover is closely related to nutrient availability in dryland soils'>*->*,

Clay has an important role on the retention of water and nutrients at the soil

surface, where microbial activity is greatest, and can also modify local pH****. The
activity of phosphatase was included in our structural equation model because
extracellular enzymes are proximate agents of organic matter decomposition and
their assessment can be used as an indicator of microbial nutrient demand'**,
The activity of extracellular enzymes, which are produced by both plants and
microorganisms'>**, is known to be negatively affected by factors linked to aridity
such as low water availability and soil salinity'>*>**. Enzyme activities have been
observed to be associated with clay abundance in soil®*®. Phosphatase is the
enzyme responsible for releasing inorganic P from organic sources, and is con-
sidered a surrogate of biological P demand'>**. Phosphatase activity was measured
by determination of the amount of p-nitrophenol released from 0.5 g soil after incuba-
tion at 37 °C for 1h with the substrate p-nitrophenyl phosphate in MUB buffer
(pH 6.5). Inorganic P is a universal source of P for plants and microorganisms'*>%>**,
As a component of biological molecules fundamental to cellular energy transfer
(that is, ATP and nicotinamide adenine trinucleotide), P has a major role in the C
and N fixation in drylands, and is non-biological in origin, being derived from rocks
and sediments'. Carbon and N are primarily linked to biological processes such as
photosynthesis, atmospheric-N fixation and subsequent microbial mineralization'?,
and are considered to be key elements for enzyme production'*'*****, Finally, we
included the spatial location (distance from Equator and longitude) of each site in
our structural equation model to account for the spatial autocorrelation present in
our data (see ref. 28 for a related approach).
Statistical and numerical analyses. Before numerical and statistical analysis, all
the variables in this study (plant cover, clay, organic C, total N, total P and activity
of phosphatase) were averaged to obtain site-level estimates by using the mean
values observed in bare ground and vegetated areas, weighted by their respective
cover at each site.

We explored the relationship of aridity with the different selected C (organic C),
N (total N) and P (total P) variables, and with the N:P, C:P and N:Cratios, by using
either linear or curvilinear (quadratic) regressions. Similarly, we explored the
relationship between aridity and inorganic P (sum of Olsen inorganic P and
HCI-P), organic C and total N, and that with their respective N:P, C:P and N:C
ratios (Extended Data Fig. 1). Among these, the function that minimized the second-
order Akaike information criterion® was chosen in each case. All the nutrient ratios
were log-transformed to achieve normality before conducting these analyses. The
aridity index®'>*" (Al the ratio of precipitation to potential evapotranspiration) of
each site was calculated using data interpolations provided by WorldClim***. To
facilitate the interpretation of our results, we used 1 — Al as our surrogate of
aridity. This index increases with decreasing annual mean precipitation in our
database (r =0.91, P < 0.001). We also explored the relationship of aridity with
more labile sources of C (carbohydrates), N (sum of dissolved inorganic N and
amino acids) and available P (Olsen inorganic P), as well as with their respective
ratios. The results obtained (Extended Data Fig. 2) were very similar to those pre-
sented in the main text (Fig. 1); hence, we used total N, organic C and total P there
because of their typically high stability in time®’~*’.

To determine the relative importance of aridity on the selected soil nutrients
differentially linked to biological (C and N) versus geochemical (P) control, we
used structural equation modelling® (SEM). Overall, SEM has emerged as a syn-
thesis of path analysis, factor analysis and maximum-likelihood techniques, and
has been thoroughly used in the ecological sciences as a causal inference tool*>”. It
can test the plausibility of a causal model, which is based on a-priori information
on the relationships among the particular variables of interest. Some data manipu-
lation was required before modelling. We checked the bivariate relationships
between all variables to ensure that a linear model was appropriate. We identified

3-5,8,17,18,48,51
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some curvilinear relationships among our variables. Several variables showed a
curvilinear relationship with latitude, such that areas closer to the Equator tended
to be different from areas farther from the Equator. This was simply handled by
expressing latitude as distance from the Equator (that is, the absolute value of
latitude). Because longitude has an arbitrary origin, this transformation did not
apply to longitude. We found that organic C, total N and the activity of phospha-
tase were curvilinearly influenced by aridity, and that these relationships were well
described by a second-order polynomial. To introduce polynomial relationships
into our model, we calculated the square of aridity and introduced it into our model
using a composite variable approach described below. We also examined the distri-
butions of all of our endogenous variables, and tested their normality. Organic C,
total N, total P and activity of phosphatase were log-transformed to improve
normality. Similarly, the plant total cover was square-root-transformed. Because
organic C and total N were very closely related (Pearson’s r = 0.92), we could not
introduce them into the same model without risking collinearity. Attempts to
construct a latent variable including organic C and total N were not successful.
Thus, we reduced these two variables to a single variable using PCA on the cor-
relation matrix, and then introduced this new variable into the model (organic-
matter component). We interpret this variable as organic C and N, as both variables
were very highly correlated with the PCA component (Pearson’s r = 0.98); although
some of the total N is certainly in mineral form”, this very close relationship
indicates that total N is under tight control of organic matter in the studied dry-
lands. Then, we established an a-priori model (Extended Data Fig. 4) based on the
known effects and relationships among the drivers of C, N and P availability. This
model accounted for spatial structure (latitude and longitude), aridity, percentage
of plant cover and clay, organic matter component (total N and organic C), activity
of phosphatase and total P.

When these data manipulations were complete, we parameterized our model
using our data set and tested its overall goodness of fit. There is no single universally
accepted test of overall goodness of fit for structural equation models, applicable in
all situations regardless of sample size or data distribution. Most modellers circum-
vent this problem by using multiple goodness-of-fit criteria. We used the y*-test
(the model has a good fit when 0= %> =2 and 0.05<P=1.00) and the root
mean square error of approximation (RMSEA; the model has a good fit when
0 =RMSEA = 0.05 and 0.10 < P = 1.00). Additionally, and because some vari-
ables were not normally distributed, we confirmed the fit of the model using the
Bollen-Stine bootstrap test” (the model has a good fit when 0.10 < bootstrap P < 1.00).
Our a-priori model attained an acceptable fit by all criteria, and thus no post hoc
alterations were made.

After attaining a satisfactory model fit, we introduced composite variables into
our model. The use of composite variables does not alter the underlying SEM
model, but collapses the effects of multiple conceptually related variables into a
single composite effect, aiding interpretation of model results**”°. Distance from
the Equator and longitude were included as a composite variable, because together
they determine the spatial proximity of plots. A separate composite was constructed
for each response variable. We also used composite variables to model the nonlinear
response to aridity of the organic matter component (first component from a PCA
with organic C and total N) and phosphatase activity. As previously mentioned,
both aridity and its square are introduced as variables in the model. Because one is
mathematically derived from the other, they are allowed to covary. In cases where a
nonlinear fit is desired, the effects of aridity and squared aridity on a given response
are composited. The resulting effect has no interpretable sign, because the relation-
ship may be positive over some portion of the data and negative over other portions.
In cases where a simple linear effect of aridity was desired (for example total P), we
simply included a single path from aridity and did not use squared aridity.

With a reasonable model fit, and composite variables constructed, we were free
to interpret the path coefficients of the model, and their associated P values. A path
coefficient is analogous to a partial correlation coefficient, and describes the strength
and sign of the relationships between two variables**”’. Because some of the variables
introduced were not normally distributed, the probability that a path coefficient
differs from zero was tested using bootstrap tests**”’. Bootstrapping is preferred to
the classical maximum-likelihood estimation in these cases, because in bootstrap-
ping probability assessments are not based on an assumption that the data match a
particular theoretical distribution. Thus, data are randomly sampled with replace-
ment to arrive at estimates of standard errors that are empirically associated with
the distribution of the data in the sample®*”°

Another important capability of SEM is its ability to partition direct and indirect
effects that one variable may have on another, and estimate the strengths of these
multiple effects. Unlike regression or analysis of variance, SEM offers the ability to
separate multiple pathways of influence and view them as a system®*”°. Thus, SEM
is useful for investigating the complex networks of relationships found in natural
ecosystems™*”".

To aid final interpretation in light of this ability of SEM, we calculated not only
the standardized total effects of aridity, percentage of clay and plant cover, and
spatial position (distance from Equator and longitude) on the organic matter com-
ponent, but also the effect of the organic matter component on phosphatase and
total P activity. The net influence that one variable has on another is calculated by
summing all direct and indirect pathways between the two variables. If the model
fits the data well, the total effect should approximate the bivariate correlation
coefficient for that pair of variables®”°.

In addition, and to support our results further, we repeated our structural equa-
tion model including inorganic P (sum of Olsen inorganic P and HCI-P) instead of
total P (Extended Data Figs 5 and 6) and using a labile organic matter component
(first component from a PCA with carbohydrates and available N) and available P
(Olsen inorganic P; Extended Data Figs 7 and 8).

All the SEM analyses were conducted using AMOS 18.0 (Amos Development
Co.). The remaining statistical analyses were performed using SPSS 15.0 (SPSS Inc.).
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Extended Data Figure 1 | Relationships between aridity and the
concentration of inorganic P and the ratios of total N to inorganic P and
organic C to inorganic P at our study sites. Inorganic P, sum of Olsen
inorganic P and HCI-P. The solid and dashed lines represent the fitted
quadratic regressions and their 95% confidence intervals, respectively.
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Extended Data Figure 2 | Relationships between aridity and the
concentration of carbohydrates (C), available N, available P and their ratios
at our study sites. Available N, sum of dissolved inorganic N and amino acids;

available P, Olsen inorganic P. The solid and dashed lines represent the fitted
quadratic regressions and their 95% confidence intervals, respectively.

©2013 Macmillan Publishers Limited. All rights reserved



LETTER

254

R?=0.152; P < 0.001 . %, o

HCI-P (mg P kg-1 soil, log,,-transformed)

02 03 04 0.5 06 0.7 08 0.9 1.0

Aridity (unitless)

Extended Data Figure 3 | Relationships between aridity and the
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Extended Data Figure 4 | A-priori structural equation model used in this (OC) and total N (TN)) and total P. We built our structural equation model by
study. We included in this model aridity (Ar; composite variable formed from  taking into account all these relationship, as explained in Methods. There are

Ar and Ar?), percentage of plant cover (Plant), percentage of clay (Clay), some differences between the a-priori model and the final model structures
spatial position (Spatial; composite variable formed from distance from owing to removal of paths with coefficients close to zero (Fig. 2). Hexagons are
Equator (De) and longitude (Lon)), activity of phosphatase, organic matter composite variables®. Squares are observable variables.

component (OMG; first component from a PCA conducted with organic C
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Extended Data Figure 5 | Global structural equation model, depicting the ~ Continuous and dashed arrows indicate positive and negative relationships,
effects of aridity, clay percentage, plant cover and site position on the respectively. The width of arrows is proportional to the strength of path
organic matter component, the inorganic-P concentration and phosphatase  coefficients. The proportion of variance explained (R?) appears above every
activity. Spatial coordinates of the study sites are expressed in terms of distance  response variable in the model. Goodness-of-fit statistics for each model are
from Equator (De) and longitude (Lon). The organic matter component shown in the lower right corner. There are some differences between the
(OMC) is the first component from a PCA conducted with organic Cand total ~ a-priori model and the final model structures owing to removal of paths with
N. The inorganic-P concentration is the sum of Olsen inorganic P and HCI-P.  coefficients close to zero (see the a-priori model in Extended Data Fig. 4).
Numbers adjacent to arrows are standardized path coefficients, analogous to ~ Hexagons are composite variables™. Squares are observable variables.

relative regression weights, and indicative of the effect size of the relationship. ~ *P < 0.05, **P < 0.01, ***P < 0.001.
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Extended Data Figure 6 | Standardized total effects (direct plus indirect
effects) derived from the structural equation modelling. These include the
effects of aridity, percentage of clay, plant cover, distance from Equator (De)
and longitude (Lon) on the organic matter component (OMC, first component
from a PCA conducted with organic C and total N), inorganic P (sum of Olsen
inorganic P and HCI-P) and phosphatase activity (PhA).

©2013 Macmillan Publishers Limited. All rights reserved

LETTER



LETTER

0:43%*

Labile OMC

Carbohydrates | Available N
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Extended Data Figure 7 | Global structural equation model, depicting the
effects of aridity, clay percentage, plant cover and site position on the labile
organic matter component, available-P concentration and phosphatase
activity. The labile organic matter component (labile OMC) is the first
component from a PCA conducted with soil carbohydrates and the ratio of
available N to the sum of dissolved inorganic N and amino acids. Available P is
the Olsen inorganic P. Numbers adjacent to arrows are standardized path
coefficients, analogous to relative regression weights, and indicative of the effect
size of the relationship. Continuous and dashed arrows indicate positive and

negative relationships, respectively. The width of arrows is proportional to the
strength of path coefficients. The proportion of variance explained (R%)
appears above every response variable in the model. Goodness-of-fit statistics
for each model are shown in the lower right corner. There are some
differences between the a-priori model and the final model structures owing to
removal of paths with coefficients close to zero (see the a-priori model in
Extended Data Fig. 4). Hexagons are composite variables®. Squares are
observable variables. *P < 0.05, **P < 0.01, ***P < 0.001.
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Standardized total effects from SEM (unitless)
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Extended Data Figure 8 | Standardized total effects (direct plus indirect
effects) derived from the structural equation modelling. These include the
effects of aridity, percentage of clay, plant cover, distance from Equator (De)
and longitude (Lon) on the labile organic matter component (LOMC, first
component from a PCA conducted with carbohydrates and available N),
available P (Olsen inorganic P) and phosphatase activity (PhA).
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R?=0.452: P < 0.001
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Extended Data Figure 9 | Relationships between total N and the potential  at 30 °C (ref. 28). Potential net nitrification and ammonification rates were
net nitrification (upper graph) and mineralization rates (lower graph) estimated as the difference between initial and final nitrate and ammonium
measured at our study sites. Air-dried soil samples were re-wetted to reach  concentrations®. The solid line denotes the quadratic model fitted to the data
80% of field water-holding capacity and incubated in the laboratory for 14 days ~ (R* and P values shown in each panel).
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Extended Data Figure 10 | Relationships between the total N and microbial
biomass N in a subset of 50 of our 224 sites. All air-dried soil samples were
adjusted to 55% of their water-holding capacity previous to the analyses of
microbial biomass N. Microbial biomass N was determined using the
fumigation-extraction method. Non-incubated and incubated soil subsamples
were fumigated with chloroform for five days. Non-fumigated replicates were
used as controls. Fumigated and non-fumigated samples were extracted with
K,SO, 0.5M in the ratio 1:5 and filtered through a 0.45-um Millipore filter.
Concentration of microbial biomass N was estimated as the difference between
total N of fumigated and non-fumigated digested extracts® and then divided by
0.54 (that is, by Kn, the fraction of biomass N extracted after the CHC, 3
treatment). The solid line denotes the quadratic model fitted to the data (R* and
P values shown in the graph).
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