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ABSTRACT

Aims Climate and human impacts are changing the nitrogen (N) inputs
and losses in terrestrial ecosystems. However, it is largely unknown how
these two major drivers of global change will simultaneously influence the
N cycle in drylands, the largest terrestrial biome on the planet. We con-
ducted a global observational study to evaluate how aridity and human
impacts, together with biotic and abiotic factors, affect key soil variables of
the N cycle.

Location Two hundred and twenty-four dryland sites from all continents
except Antarctica widely differing in their environmental conditions and
human influence.

Methods Using a standardized field survey, we measured aridity, human
impacts (i.e. proxies of land uses and air pollution), key biophysical vari-
ables (i.e. soil pH and texture and total plant cover) and six important
variables related to N cycling in soils: total N, organic N, ammonium,
nitrate, dissolved organic:inorganic N and N mineralization rates. We used
structural equation modelling to assess the direct and indirect effects of
aridity, human impacts and key biophysical variables on the N cycle.

Results Human impacts increased the concentration of total N, while
aridity reduced it. The effects of aridity and human impacts on the N cycle
were spatially disconnected, which may favour scarcity of N in the most arid
areas and promote its accumulation in the least arid areas.

Main conclusions We found that increasing aridity and anthropogenic
pressure are spatially disconnected in drylands. This implies that while
places with low aridity and high human impact accumulate N, most arid
sites with the lowest human impacts lose N. Our analyses also provide
evidence that both increasing aridity and human impacts may enhance the
relative dominance of inorganic N in dryland soils, having a negative impact
on key functions and services provided by these ecosystems.
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INTRODUCTION

Human activities such as grazing, fertilization, intensive agricul-

ture and the combustion of fossil fuels are changing the inputs

to, and losses from, the nitrogen (N) cycle in terrestrial ecosys-

tems globally (Vitousek et al., 1997; Cui et al., 2013).

Anthropogenic inputs of N have already doubled the total

amount of N fixed naturally by terrestrial and aquatic ecosys-

tems, with current annual rates of both organic and inorganic N

deposition of about 124 Tg N year−1 (Gruber & Galloway, 2008;

Schlesinger, 2009; Cornell, 2011). Human pressure on the N

cycle is expected to rise during this century because of the pre-

dicted increase in global population by 36% over the next

40 years (Godfray et al., 2010) and the intensification of land

use required to support the subsequent demand for food

(OECD-FAO, 2011), which is estimated to increase by 70–100%

by 2050 (World Bank, 2008). In parallel to the increase in N

inputs derived from human activities, ongoing climate change

will increase the degree of aridity experienced by drylands (arid,

semi-arid and dry-subhumid ecosystems) world-wide, which is

predicted to increase their total global extent by 10% by the end

of this century (Feng & Fu, 2013). Increasing aridity has been

shown to reduce the availability of soil N in drylands globally,

and to reduce the pools of organic N in these ecosystems

(Schlesinger et al., 1990; Delgado-Baquerizo et al., 2013a).

These changes can further exacerbate the negative effects of land

degradation and desertification in drylands, which are estimated

to currently affect more than 250 million people, mostly in

developing countries (Reynolds et al., 2007).

Human activities (i.e. air pollution and changes in land use)

and climate change are key drivers of ongoing global environ-

mental change (Gruber & Galloway, 2008; Schlesinger, 2009;

Canfield et al., 2010; Liu et al., 2010; Bai et al., 2013) and are

interrelated in complex ways. These drivers of global change

may act in opposition or interact to accelerate their effects on

natural communities. The combined impacts derived from

human activities and climate change may create a more arid

environment that is also characterized by reduced biological

control of the N cycle (Schlesinger et al., 1990). For instance,

direct anthropogenically driven disturbances (e.g. overgrazing)

and increases in aridity may have a negative impact on

plant growth in drylands (Gruber & Galloway, 2008;

Delgado-Baquerizo et al., 2013a), thereby reducing inputs of

organic N in these ecosystems. The impacts of human activities

on the N cycle in drylands have been largely studied at local

scales. For example, Baker et al. (2001) concluded that the urban

and agricultural components of the ecosystem were an order of

magnitude higher than natural inputs in Phoenix, AZ, increas-

ing the amount of N in soil and groundwater pools and pro-

moting losses of N to rivers. Similarly, nutrient enrichment

derived from human activities has also been observed to locally

enhance N mineralization in the Sonoran Desert (Hall et al.,

2011). Nevertheless, little is known about how the interaction

between increasing aridity and human impacts will affect the

concentration of available N for plants and microorganisms, as

well as the dominance of different forms of N in global drylands.

Nitrogen is, after water, the most important factor limiting

net primary production and decomposition of organic matter

in drylands (Robertson & Groffman, 2007; Schlesinger &

Bernhardt, 2013). The N cycle is therefore crucial for ecosystem

functioning and the provision of ecosystem services in these

areas (Robertson & Groffman, 2007; Compton et al., 2011;

Schlesinger & Bernhardt, 2013). As drylands occupy over 40% of

earth’s land surface (MEA, 2005), understanding how direct and

indirect effects from climatic (i.e. aridity), biophysical (i.e. soil

texture, pH and plant cover) and anthropogenic (i.e. human-

induced climate change, air pollution and land use changes)

drivers jointly affect the N cycle is crucial for improving our

ability to predict the ecological consequences of ongoing global

change for terrestrial ecosystems (Schlesinger et al., 1990;

Gruber & Galloway, 2008; Chen et al., 2013).

We conducted a global observational study of 224 dryland

ecosystems from all continents except Antarctica to evaluate

how aridity and human impacts, together with biotic (plant

cover) and abiotic (soil texture and pH) factors, will affect total

N, dissolved organic N, ammonium and nitrate concentrations,

the dissolved organic N to dissolved inorganic N (DON:DIN)

ratio and the potential net mineralization rate of dryland soils.

These variables were selected because they are good proxies for

N availability and dominance of N forms within soils (Schimel

& Bennett, 2004; Delgado-Baquerizo & Gallardo, 2011). We

hypothesized that: (1) total N concentration in soils would be
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enhanced by human impacts (estimated indirectly using

proxies) but would decline with aridity (Delgado-Baquerizo

et al., 2013a) and (2) aridity and human impacts will negatively

affect the biological control of the N cycle (via mechanisms such

as the reduction in total plant cover), resulting in an increasing

dominance of inorganic forms of N and processes (i.e.

mineralization) in dryland soils (Schlesinger et al., 1990).

MATERIALS AND METHODS

Study area

This study was restricted to dryland ecosystems, defined as

regions with an aridity index (AI; equal to precipitation/

potential evapotranspiration) between 0.05 and 0.65 (UNEP,

1992). Original field data were collected at 224 sites located in

16 countries from all continents except Antarctica (Maestre

et al., 2012). The sites surveyed encompass a wide variety of

vegetation types typically found in drylands, including grass-

lands, shrublands, savannas, dry seasonal forests and open

woodlands dominated by trees. Mean annual precipitation and

temperature of the study sites ranged from 66 to 1219 mm

and from −1.8 to 27.8°C, respectively. Maestre et al. (2012)

give an interactive map with a general description of the study

sites.

Climatic, abiotic, plant and nitrogen
variables measured

Data collection was carried out between February 2006 and

December 2010 according to a standardized sampling protocol.

The cover of vascular plants at each site was measured using

four 30-m transects and the line-intercept method, as described

in Maestre et al. (2012). The coordinates of each plot were rec-

orded in situ with a portable global positioning system, and

were standardized to the WGS84 ellipsoid for visualization and

analyses. Aridity (1 – Aridity index) was estimated using the

Global Aridity Index (Global-Aridity) dataset (http://

www.cgiar-csi.org/data/global-aridity-and-pet-database; Zomer

et al., 2008), which is based on the interpolations provided by

the WorldClim climatic database (Hijmans et al., 2005). Soils

(0–7.5 cm depth) were sampled during the dry season under

two different microsites: the canopy of the dominant perennial

plants and in open areas devoid of vascular vegetation (10–15

samples were sampled per site, over 2600 samples in total). Soil

samples in plant microsites were always collected under the

canopy and close to the centre of the plant to avoid spatial

patterns in N availability from the bole to the canopy edge. After

field collection, the soil samples were taken to the laboratory,

where they were sieved (2-mm mesh), air-dried for 1 month

and stored in this condition until laboratory analyses. For logis-

tical reasons all the soil analyses in this study were carried out

with air-dry samples. Previous works have shown that in

drylands such as those we studied, air drying and further

storage of soils does not appreciably alter the functions of inter-

est in this study (Zornoza et al., 2006, 2009). It is also important

to note that our sampled soils were collected when the soil was

in this dry state, and that low moisture values are found in

dryland soils during most of the year (e.g. Maestre et al., 2013).

Thus, the potential bias induced by our drying treatment is

expected to be minimal.

To avoid problems associated with the use of multiple labora-

tories when analysing the soils from different sites, and to facili-

tate the comparison of results between them, dried soil samples

from all the countries were shipped to Spain for analysis. A

composite sample per microsite (open areas or soil under the

canopy of the dominant perennial plants) and site was analysed

for sand, clay and silt content according to Kettler et al. (2001).

Soil pH was measured in all the soil samples with a pH meter, in

a 1:2.5 mass:volume soil and water suspension. We also meas-

ured multiple variables from the N cycle [total N, mineralization

rate, DIN (the sum of NH4
+ and NO3

−) and DON]. These vari-

ables were selected because they are good proxies of N availabil-

ity and the dominance of different forms of N within soils

(Schimel & Bennett, 2004; Delgado-Baquerizo & Gallardo,

2011). Soil samples (2.5 g of soil) were extracted with 0.5 m

K2SO4 in a ratio 1:5. Soil extracts were shaken in an orbital

shaker at 200 r.p.m. for 1 h at 20 °C and filtered to pass a

0.45-μm Millipore filter (Jones & Willett, 2006). The filtered

extract was kept at 4 °C until colorimetric analyses. Using the

indophenol blue method (Sims et al., 1995), we estimated con-

centrations of ammonium and nitrate (colorimetrically) and

available N (after potassium persulphate digestion in an auto-

clave at 121 °C over 55 min; Sollins et al., 1999). DON was deter-

mined as the difference between available N and inorganic

N (the sum of ammonium and nitrate). The ratio DON:DIN

was determined from these data. To estimate potential

mineralization rate, air-dried soil samples were re-wetted to

reach 80% of their water-holding capacity and incubated in the

laboratory for 14 days at 30 °C (Allen et al., 1986). The potential

net N mineralization rate was estimated as the difference

between initial and final inorganic N (Delgado-Baquerizo &

Gallardo, 2011). We acknowledge that 80% water holding capac-

ity and 30 °C may not meet the optimum conditions for all the

different groups of microorganisms conducting mineralization

in the different soil samples. Despite this fact, using these

conditions has many advantages. For example, potential net

mineralization (as in Allen et al., 1986) has largely been used

over the last few decades, and allows us to compare our data with

those from other studies. In addition, even when these potential

conditions may not be optimal for different groups of microor-

ganisms they have been largely considered as the potential con-

ditions for mineralization in soil (Allen et al., 1986). In addition,

operating under these conditions gives us extremely reliable

information on the availability of inorganic N in soil (Durán

et al., 2012). Finally, total N was obtained using a CN analyser

(LECO CHN628 Series, LECO Corporation, St Joseph, MI,

USA). All the soil variables used 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 (Maestre et al., 2012). All the analyses for total N were

carried out at the University of Jaén (Jaén, Spain), soil texture

M. Delgado-Baquerizo et al.
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and pH were analysed at Rey Juan Carlos University (Móstoles,

Spain) and the remaining N variables were analysed at Pablo de

Olavide University (Seville, Spain).

Assessing human impacts

Quantitative estimates of the magnitude of human impacts in

natural ecosystems at global scales are difficult to obtain due

to the lack of available data and the wide range of processes

affected by human activities, their different spatial scales and the

interactions among them (Beelen et al., 2013). We used two

complementary approaches to estimate the impacts of human

activities on the N cycle. First, we estimated such impacts indi-

rectly by measuring four variables at each surveyed plot: (1)

average proximity (in km) to the nearest northern, southern,

eastern and western paved roads, (2) average proximity (in km)

to the four nearest towns/cities, (3) average population of these

towns/cities in the last available census (number of people), and

(4) population density (number of people·per km2) of the prov-

ince or region of each plot in the most recent available census.

Due to the large distances between some of our study sites and

the nearest towns/cities we considered the four closest cities to

our plots, as an average value of the local human impact. Dis-

tances to nearest roads and cities/towns are classic proxies

of human impacts on ecosystem structure and functioning

(Schlesinger & Harley, 1992; Gill et al., 1996; Drechsel et al.,

2001; Liu et al., 2010; Beelen et al., 2013). Similarly, soil N deple-

tion derived from land-use changes have been observed to be

linked to increasing size of the local human population

(Drechsel et al., 2001; Canfield et al., 2010). Thus, we assumed

that the magnitude of human impacts on the N cycle, such as N

deposition and/or soil erosion, would be positively related to the

proximity of each site to the nearest city/town and paved road,

and directly related to the number of people in this city/town

and the population density (Drechsel et al., 2001; Gilbert et al.,

2007; Gadsdon & Power, 2009; Liu et al., 2010; Beelen et al.,

2013).

The four surrogates of human impacts considered were

highly correlated. Thus, we conducted a principal components

analysis (PCA) to reduce them to independent components.

Before conducting the PCA, all the proxies for human impact

were log-transformed to normalize them. We retained the first

two components from the PCA for further analyses; these had

an eigenvalue greater than 1 and together explained 80.5% of the

variance in the PCA. The first component of the PCA (HC1) was

highly related to the average distance to the four nearest towns/

cities from each plot (Pearson’s r = 0.96), the average distance to

the nearest northern, southern, eastern and western paved roads

from each plot (Pearson’s r = 0.76) and the population density

of the province of each plot in the most recent available census

(Pearson’s r = 0.71). The second component of the PCA (HC2)

was highly related to the average population size of the four

nearest towns/cities during the most recent census (Pearson’s

r = 0.90). Both HC1 and HC2 are positively related to other

indices of human impact from the literature, such as the human

influence index (Spearman ρ = 0.70, P < 0.001 and ρ = 0.14,

P = 0.044, respectively) and the human footprint index (Spear-

man ρ = 0.69, P < 0.001 and ρ = 0.13 P = 0.051, respectively),

available from the Last of the Wild Data, Version 2 (Last of the

Wild Data, 2005). Geographical distances were obtained with

Google Earth® (www.google.com/earth/index.html), while

population data were gathered from the official statistics for

each country (see Table S1).

Secondly, we estimated inorganic N deposition, fertilizer

application and the amount of N produced in livestock

manure in each of our plots. Information on inorganic N

deposition, N in fertilization and N in manure was collected at

a global scale using the available maps from Dentener et al.

(2006) and Potter et al. (2011). Information on each of these

indices was collected for each site location using ESRI ArcMap

10 (Redlands, CA, USA). Information on the relationships

between the different human impact variables evaluated is

given in Table S2.

Statistical analyses

We used structural equation modelling (SEM) to determine the

relative importance of human impacts (a total of five human

impact indices: HC1, HC2, N in fertilization and manure and

inorganic N in deposition), aridity, pH, sand content, plant

cover and the spatial influence (distance from the equator and

longitude) on the different N variables evaluated. We first estab-

lished an a priori model (Fig. S1) based on the known effects and

relationships among the drivers of the N cycle (Methods S1).

Total N, concentrations of ammonium, nitrate and DON, the

DON:DIN ratio and pH were log-transformed to improve lin-

earity in the relationships between the variables in our SEM

models. Similarly, plant total cover and sand content were

square-root transformed. We found that all N metrics, sand

content, N in fertilization and HC1 displayed unimodal rela-

tionships with aridity. To introduce these second-order polyno-

mial relationships into our SEM model, we calculated the square

of aridity and introduced it into our model using a composite

variable (Fig. S1). Similarly, the human impact and spatial influ-

ence metrics were also included as composite variables. The use

of composite variables does not alter the underlying SEM model

but collapses the effects of multiple conceptually related vari-

ables into a single composite effect, aiding interpretation of

model results (Grace, 2006). We also examined the distributions

of all of our endogenous variables (those with arrows pointing

to them within the a priori model structure, Fig. S1) and tested

their normality. Because some of the variables introduced

were not normally distributed, the probability that a path coef-

ficient differs from zero was tested using bootstrap tests

(Schermelleh-Engel et al., 2003). Our a priori model structure

gave a satisfactory fit to our data, as suggested by non-significant

χ2 values (χ2 = 2.97, P = 0.56; four degrees of freedom in all

cases), nonparametric bootstrap P = 0.59 and by values of the

root mean square error of approximation equal to 0.00 with

P = 0.77.

We also calculated the standardized total effects (direct plus

indirect effects from the structural equation model) of human

Global change drivers differentially alter N availability
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impacts (HC1, HC2, N in fertilization and manure and inor-

ganic N in deposition), aridity, pH, sand content, plant cover

and spatial influence (longitude and distance from the equator)

on the selected N metrics (Grace, 2006). All the SEM analyses

were conducted using the software amos 20 (IBM SPSS Inc,

Chicago, IL, USA). The raw data used in study are available in

Appendix S1.

RESULTS

Sand content, pH and total plant cover in our study sites ranged

from 5.36 to 97.94%, 4.13 to 9.21 and 2.83 to 82.88% respec-

tively. Similarly, for the studied N variables, total N ranged from

0.01 to 0.45%, ammonium from 0.82 to 55.86 mg N kg−1 soil,

nitrate from 0 to 92.07 mg N kg−1 soil, DON from 1.24 to

43.31 mg N kg−1 soil and potential mineralization rate from

−2.13 to 5.01 mg N kg−1 soil day−1.

Aridity was directly and negatively related to soil total N,

whereas our surrogates of human impacts were positively

related to total N (Fig. 1a). Interestingly, HC1, inorganic N

deposition and N in fertilization and manure were negatively

related to aridity (Table 1), but aridity and HC2 were unrelated

(Table 1). Aridity and human impacts, together with sand

content, were the most important factors controlling soil total

N, as indicated by the size of their total effects (Fig. 2a). More-

over, the total (direct plus indirect) effect of distance to towns

and roads (HC1) and of N in fertilization and deposition on soil

total N was opposite to that of N in manure and HC2 (Fig. 2a).

In absolute terms, however, the impacts of HC1 and N in ferti-

lization and deposition were higher than that of N in manure

and HC2, resulting in a net total positive effect of human

impacts on this variable (Fig. 2a).

Increases in both aridity and human impacts were associated

with reductions in the DON:DIN ratio (Figs 1b & 2b). In addi-

tion, increases in human impacts were related to increases in

potential net mineralization rates (Figs 1c & 2c). Our different

surrogates of human impacts (HC1, HC2, inorganic N deposi-

tion, N in fertilization and manure) produced different and

Figure 1 Effects of aridity (blue/light grey
arrows), human impacts (red/dark grey
arrows), pH, sand content, plant cover and
spatial influence (black arrows) on: total N
(a), DON:DIN ratio (b), mineralization
rate (c), DON (d), NH4

+ (e) and NO3
− (f).

Numbers adjacent to the arrows indicative
of the effect size of the relationship.
Continuous and dashed arrows indicate
positive and negative relationships,
respectively. R2 denotes the proportion of
variance explained. For graphical
simplicity, factors influencing human
impacts (a) are: Spatial → HC1 = 0.23**;
Spatial → HC2 = −0.45***; Spatial → N
deposition = 0.40***; Spatial → N in
fertilization = 0.49***; Spatial → N in
manure = −0.14*. Significance levels are as
follows: *P < 0.05; **P < 0.01; ***P < 0.001.
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Table 1 Correlation coefficients (Spearman ρ, P-value in brackets) between aridity, the nitrogen (N) variables evaluated and the surrogates
of human impacts used in this study. HC1 and HC2 are the first and second components of a principal component analysis from four
proxies of human impacts (proximity to urban areas, paved roads, population density and population size). Inorganic N deposition (ND),
fertilizer application (NF) and the amount of N in livestock manure production (NM) were collected from Dentener et al. (2006) and
Potter et al. (2011). n = 224.

Aridity HC1 HC2 NF NM ND

Aridity −0.245 (<0.001) −0.008 (0.900) −0.247 (<0.001) −0.234 (<0.001) −0.432 (<0.001)

Total N −0.529 (<0.001) 0.425 (<0.001) −0.075 (0.263) 0.508 (<0.001) 0.307 (<0.001) 0.556 (<0.001)

DON:DIN 0.068 (0.314) −0.197 (0.003) 0.000 (0.997) −0.224 (0.001) −0.035 (0.601) −0.190 (0.004)

Mineralization −0.193 (0.004) 0.239 (<0.001) 0.082 (0.221) 0.376 (<0.001) 0.200 (0.003) 0.198 (0.003)

DON −0.067 (0.318) 0.052 (0.441) −0.079 (0.237) 0.127 (0.057) 0.149 (0.025) −0.002 (0.974)

NH4
+ −0.391 (<0.001) 0.476 (<0.001) 0.130 (0.053) 0.576 (<0.001) 0.376 (<0.001) 0.352 (<0.001)

NO3
− 0.021 (0.758) 0.264 (<0.001) −0.180 (0.007) 0.321 (<0.001) 0.040 (0.547) 0.161 (0.016)

DON, dissolved organic N; DIN, dissolved inorganic N.

Figure 2 Standardized total effects (direct
plus indirect effects) derived from the
structural equation modelling, including
the effects of aridity (Aridity), percentage
of sand (sand), pH, plant cover (Plant),
distance from equator (DE) and longitude
(LON) and human impacts (HC1, HC2, N
in fertilization, N in manure and N
deposition; see Materials and Methods for
details) on the total N (a), DON:DIN ratio
(b), potential mineralization rate (c), DON
(d) NH4

+ (e) and NO3
− (f).

Global change drivers differentially alter N availability

Global Ecology and Biogeography, 25, 36–45, © 2015 John Wiley & Sons Ltd 41



opposite relationships with DON and soil nitrate, although both

were associated with increasing ammonium concentrations

(Fig. 2e).

DISCUSSION

Impacts of aridity and human activities on soil
total N

Although human activities should increase the N budget world-

wide (Galloway et al., 2008), our results suggest that the

increases in aridity forecast for large areas of the planet (Feng &

Fu, 2013) will counteract such N increments in dryland soils. Of

particular interest was the observed negative relationship found

between aridity and our surrogates of human impacts (Table 1).

This is probably derived from the constraints that aridity,

and hence reduction in water availability, generally impose

on human activities and urban development (Whitford, 2002;

Schwinning & Sala, 2004). The high negative relationship

between aridity and our human impact surrogates suggests that

there is a current spatial disconnection between the impacts of

aridity, which may favour N losses, and those of human activ-

ities, which may favour N accumulation, in different dryland

regions (Liu et al., 2010). Thus, at the global scale, N limitation

will tend to increase in the driest regions, but N enhancement

due to human activities in the least arid drylands may counter-

act any trend towards greater N limitation. It can be argued that

demand for N may from plants may decline at greater aridity

levels because of declining plant cover; however, it is well known

that N can still be an important factor limiting plant growth

even in driest lands (Schlesinger et al., 1990; Robertson &

Groffman, 2007; Schlesinger & Bernhardt, 2013). Nitrogen is

also critically important for other abundant biotic components

in drylands, such as biological soil crusts and microbial com-

munities (Schlesinger et al., 1990; Thomas et al., 2011;

Delgado-Baquerizo et al., 2013a). In addition, aridity and HC2

were unrelated, suggesting that increasing aridity is related to

more to urban sprawl (HC1) but not to population density per

se (HC2; Mainguet, 1999). In addition, the negative impacts of

N in manure on total N may be related to erosion caused by

grazing on our plots (Seagle et al., 1992). We stress that the

spatial distribution of our plots did not cover areas where this

pattern may not hold, such as large, rapidly growing urban

desert areas (e.g. Phoenix or Las Vegas in the USA; Kane

et al., 2014) or semi-arid areas with intensive agricultural prac-

tices (e.g. Almería in south-east Spain; Aznar-Sánchez &

Galdeano-Gómez, 2011). In addition, it may be argued that we

are lacking other important human impact surrogates, such as

fire, in our study. Unfortunately, appropriate fire indices sepa-

rating human-derived and natural fires are difficult to find at a

global scale. In addition, a recent study suggested that burned

areas are negatively related to human population densities and

thus may not be a good metric of the human impact on nutrient

cycling (Bistinas et al., 2014). We also acknowledge the limita-

tions of the observational approach followed, which does

not allow us to demonstrate causal relationships. However, we

believe that our study provides a good snapshot of the status of

the N cycle at the global scale in drylands as it reveals how the

combined effects of aridity and human disturbance can affect N

concentrations and the dominance of relative N forms in

dryland soils in an integrated way.

Inorganic N accumulation derived from aridity and
human impacts

Increasing human impacts resulted in direct and total negative

effects on the DON:DIN ratio, and a total positive effect on

potential net mineralization rates (i.e. from HC1, HC2 and N in

fertilization). Thus, any increase in human impacts is likely to

lead to a greater dominance of inorganic forms of N in drylands.

This scenario is compatible with both the observed loss of

biological control of the N cycle derived from climate change

suggested by Schlesinger et al. (1990) and Delgado-Baquerizo

et al. (2013a), and with the trend towards a stage of inorganic N

saturation in terrestrial ecosystems as a consequence of

anthropogenic N deposition (Gruber & Galloway, 2008;

Schlesinger, 2009; Chen et al., 2013). An increase in aridity has

been suggested to reduce the net depolymerization rate (DON

production) in the most arid areas, probably linked to the

low precipitation and plant cover of these environments

(Schlesinger et al., 1990), which would increase the dominance

of inorganic forms of N. This was supported by the observed

direct negative relationship between aridity and DON:DIN.

Nevertheless, this direct negative effect was counteracted by the

indirect positive effects on the DON:DIN ratio mediated

through sand content and pH (Fig. 1b). As a consequence, the

total effect of aridity on the dominance of dissolved organic

versus inorganic N forms was negligible (Fig. 2b, Table 1).

However, our results suggest that rapid changes in aridity,

such as those expected for this century, which are not likely to

affect pedogenic properties such as soil pH and texture in the

short term, may affect the DON:DIN ratio in dryland soils

(Schlesinger et al., 1990). Conversely, proximity to human

populations (HC1) was the most important factor controlling

variations in the DON:DIN ratio (Fig. 2b). This decrease in the

DON:DIN ratio with increasing human impacts may be also

driven by the increase in inorganic N inputs linked to human

activities such as fertilizer production (Fig. 2; Cornell, 2011). An

increase in inorganic N in soils may have a negative impact on

the functioning and services provided by drylands world-wide.

For example, Delgado-Baquerizo et al. (2013b) found that

inputs of inorganic N were negatively linked to microbial func-

tional diversity and N depolymerization (the production of

DON), and thus may also reduce the uptake of organic N by

plants and microorganisms in these ecosystems (Warren, 2009).

Shifts in the different forms of N derived from
human impacts

Interestingly, while aridity had an overall total negative effect on

most of the N variables studied here, different surrogates of

human impacts were related to the different forms of N in very
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different ways. For example, we found a relatively strong total

positive relationship between N in fertilization and N in manure

and DON concentrations in dryland soils. Organic fertilization

and manure application are well known to increase the amount

of DON in soils, and may be altering the abundance of this form

of N in drylands world-wide. In addition, HC1 and N in ferti-

lization were the only human impacts showing a total positive

effect on the concentrations of soil nitrate, suggesting the

importance of fertilization with both reduced and oxidized N in

global drylands. Because our sites are not located in agricultural

areas, the effect of highly populated towns surrounding our

plots (HC2) should be related more to the use of these drylands

for grazing and wood harvesting than to more intensive human

uses. Intensive land management may result in DON and nitrate

leaching into streams and groundwater, which may pollute them

(Gruber & Galloway, 2008; Schlesinger, 2009; Chen et al., 2013).

Interestingly, N deposition was the only human surrogate

showing total negative effects on DON, ammonium and nitrate

despite having a total positive effect on the total soil N. This

striking result suggests that N derived from deposition may be a

preferable form of N for plants and microbes in dryland ecosys-

tems, which are very poor in N (Schlesinger et al., 1990). In fact,

the positive effect of human impacts on plant cover that we

found supports this idea. In this respect, higher N deposition

may lead to a higher uptake of N by plants and microbes,

promoting the accumulation of total N in the soil in the long

term due to increased litter decomposition (Schlesinger et al.,

1990).

Another contrasting result was the total negative and positive

effects of N in manure on the concentration of total N and

ammonium in soil, respectively. Ammonium is commonly asso-

ciated with human activities, as intensive agriculture and live-

stock produce significant amounts of this N source (Fig. 2;

Anderson et al., 2003; Clarisse et al., 2009; Canfield et al., 2010).

Our results suggest that at least a part of the ammonium present

in dryland soils may come from human-derived activities.

Overall, the observed increase in soil ammonium concentra-

tions with increased human activities may increase the potential

of N to cross ecosystem boundaries by volatilization of

ammonia or through conversion of ammonium to nitrate fol-

lowed by leaching from soil. These are common phenomena in

drylands (Schlesinger et al., 1990; Robertson & Groffman, 2007)

and may cause eutrophication and reduce water quality

(Schlesinger et al., 1990; Schlesinger & Harley, 1992; Robertson

& Groffman, 2007; Ravishankara et al., 2009). As processes such

as nitrification usually require small amounts of water

(Schwinning & Sala, 2004; Delgado-Baquerizo et al., 2013c), the

accumulation of ammonium in the less arid drylands may

quickly promote its conversion to nitrate, even after small rain-

fall events (Schwinning & Sala, 2004). Our study supports this,

as we observed an increase in the potential net nitrification rate

in our soils with increasing ammonium (P < 0.001; Fig. S2).

However, the ‘real’ rates at which these processes occur in nature

do not necessary need to match our potential rates. The overall

dominance of inorganic forms of N resulting from increasing

human impacts may enhance nitrification and denitrification

rates in drylands (e.g. releasing N2O; Schlesinger, 2009; Canfield

et al., 2010), potentially enhancing the emission of greenhouse

gases from these ecosystems.

CONCLUSIONS

Our findings provide evidence that human impacts promote the

accumulation of N in dryland soils world-wide, but these effects

are offset by increases in aridity. We also found that the effects

of aridity and human impacts are spatially disconnected in

drylands, favouring N losses and accumulation in the most and

less arid ecosystems, respectively. Our analyses indicate that both

increasing aridity and human impacts could potentially enhance

inorganic control of the N cycle in drylands soils. This increase

in dominance of inorganic N in dryland soils may have negative

effects on key ecosystem functions (e.g. nutrient cycling) and

services (e.g. air and water quality) at the global scale, and may

enhance the emission of important greenhouse gases such as

N2O.
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