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Abstract The effect of land use on soil nitrogen

(N) and phosphorous (P) stocks and the stoichiometry

ratios are not fully understood. We determined the

impact of land use on total N and P stocks along with

some of their fractions and carbon (C), N and P ratios

in soils of the Pampas. The effect of human activities

on N and P fluxes in agroecosystems was also

assessed. We sampled 386 soils under contrasting

land uses down to 1 m depth. Well drained uncul-

tivated soils were used as control treatment, paired

with forest, cropped and flooded soils. Significant

effects of land use on N and P stocks were detected to

1 m depth. Cropping decreased soil total N and P

contents, mineralizable N and extractable P by an

average of 14, 21 and 63% respectively. Conversely,

forest soils had larger total N stocks (17%), miner-

alization (10%) and extractable P (37%) than

uncropped controls. Flooded lands had the lowest

fertility. Nitrogen and P pools under cultivation

decreased higher as soils had higher initial levels N

and P. In some low fertility soils, cropping led to N

and P increases. Stoichiometry ratios were minimally

impacted by land use. The ratio of the cumulative P

surface balance to the N surface balance for the last

140 years was + 0.01 kg P/kg N in uncropped control

soils and − 0.08 kg P/kg N in cropped soils. Despite

this difference, the soil N/P ratio was unaffected by

land use indicating that processes at the profile level

regulated it.
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Introduction

Organic matter affects soil productivity (De Paepe

and Alvarez 2013) and it is a crucial component of

the biogeochemical cycle of C and of some nutrients

such as nitrogen (N) (Manlay et al. 2007). Many

studies worldwide have been carried out to establish

how climate, soil properties and land use impact C

sequestration (Franzluebbers and Follett 2005; Job-

bágy and Jackson 2000; Jones et al. 2005) but fewer

efforts were invested to better understand how these

factors impact on nitrogen and phosphorus (P) accu-

mulation in soils and how external nutrient fluxes can

regulate N and P stocks.
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The model of McGill and Cole (1981) proposes

that soil organic C and N changes are tightly

associated, because C bounded N is mineralized

when microorganisms degrade organic compounds in

need of energy. Conversely, P is released from

organic reservoirs only when needed, a nutrient

whose dynamics is dissociated from that of C. There

are several studies supporting the model which use

data from hundreds to thousands of soils, and show

that soil organic C is highly correlated to total soil N

(total N). However, the correlation with total soil P

(total P) is much lower (Cleveland and Liptzin 2007;

Kirby et al. 2011; Steffens et al. 2008; Tian et al.

2010). Consequently, less stoichiometry C/N ratio

variability is usually found when compared to C/P

and N/P ratios (Bui and Henderson 2013; Kirby et al.

2011). Despite the expected association of organic C

and total N, the C/N ratio may be strongly affected by

soil order (Batjes 2000), vegetation type (Bui and

Henderson 2013), climate (McCulley et al. 2009),

depth (Vejre et al. 2003), and land use (Purton et al.

2015). Consequently, an independent evaluation of

organic C and total N changes in soils related to land

use change across climate and soil gradients is

needed.

Total N stock usually decreases at surface layers

when soils are cultivated under rainfed conditions

(Gami et al. 2009; Li et al. 2014; Papini et al. 2011),

although the effect of agriculture may be less

pronounced in depth (Gami et al. 2009; Hass et al.

1957). Increases in total N stock due to cultivation

have also been reported (David et al. 2009). The

conversion of forests (Deng et al. 2014; Gami et al.

2009; Purton et al. 2015) and shrubs or grasslands (Li

et al. 2014; Malo et al. 2005) to croplands resulted in

a decrease in C/N ratio indicating a different C loss

rate compared to total N. In addition, differences of

soil organic matter composition have been reported

among forest, shrubs and grasslands (Deng et al.

2014; Mudge et al. 2014; Schipper and Sparling

2011). The impact of land use on total N and the

organic matter stoichiometry affects the ability of

soils to mineralize N as evaluated by incubation tests

(mineralized N). Total N is one of the main controls

of mineralized N (Colman and Schimel 2013; Des-

sureault et al. 2015) and the reduction of this pool

reduces mineralized N. The C/N ratio of some soil

fractions negatively affects the mineralized N (Deng

et al. 2014; Kader et al. 2010). As the C/N increases,

the decomposition rate of the soil mineralizable N

pool decreases. Consequently, the magnitude of the

effects of land use on mineralized N would depend on

how much it affects total N and the C/N ratio.

Differences in total P stock between soil types may

be ascribed to their grade of evolution (Chen and Ma

2001; Cross and Schlesinger 1995), which also

impact on the stoichiometry ratios (Chen et al.

2015; Turner and Laliberté 2015). As total P and

the labile P fraction available to plants, usually called

extractable P (extractable P), are correlated (Bai et al.

2013; Johnston et al. 2014), extractable P also differs

between contrasting soil types. Land use, addition-

ally, impacts total P and extractable P. Total P is

lower in cultivated soils than under uncultivated

conditions when fertilizers are not used (Li et al.

2016; Slazak et al. 2014) but higher levels of total P

may be found in intensive fertilized agricultural soils

(Liu et al. 2013; Rubaek et al. 2013). Extractable P

suffers the same effects under cultivation (Crews and

Brookes 2014; Negassa and Leinweber 2009) and the

magnitude of these effects is relevant for assessing

soil productivity and fertilizer requirement.

Human activities have altered the global N and P

cycles. In agricultural soils, surface N and P balances

moved from near neutrality in the year 1900 to

+ 138 Tg N year−1 and + 11 Tg P year−1 in the year

2000 (Bouwman et al. 2013). In the long-term, the

imbalance between N and P may alter the N/P ratio of

some plants that are not capable of regulating their

composition, which in turn affects vegetation pro-

ductivity and depresses C sequestration in soils

(Peñuelas et al. 2013). It has not been determined

whether the soil N/P ratio has been affected by the

imbalance between N and P in agroecosystems.

The Argentinean Pampas is a vast plain that due to

its extension and yield potential has been considered

as one of the most suitable areas for grain crop

production in the world (Satorre and Slafer 1999).

The effect of land use on soil C has been assessed for

the region (Berhongaray et al. 2013). It was observed

that soil organic C increased up to 1 m depth in forest

areas, when compared with an uncultivated grassland

control. Conversely, cultivation led to a soil organic

C decrease, which was significant only up to 50 cm

depth. Land use impact on soil N and P has not been

assessed at a regional scale but some experiments

showed declines in different soil P fractions in the

Pampas due to cultivation (Buschiazzo et al. 2000;
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Galantini and Rossell 1997). Moreover, calculated

regional surface balances were positive for N (Al-

varez et al. 2014, 2016) and negative for P (Alvarez

et al. 2016; Viglizzo et al. 2001) during the twentieth

century as a consequence of agricultural practices.

This imbalance between N and P fluxes makes

Pampean agroecosystems an interesting research case

to determine possible changes of the C/N/P ratios in

soils due to human activities. Our objectives in the

current research were: (1) to determine land use

effect on total N and total P stocks in Pampean soils,

and on some labile N and P fractions, and (2) to

investigate if changes produced by land use on N and

P balances impacted soil stoichiometry.

Materials and methods

Study area

The Pampas are located in Argentina between 28°S
and 40°S and 57°W and 68°W while covering an area

of ca. 50 Mha (Fig. 1). The natural vegetation is

grassland with predominance of gramineous species,

whereas some natural forests account for 7% of the

area and planted trees, introduced about 150 years

ago, occupied less than 1% of the total surface

(INDEC 2002). Mean annual temperature ranges

from 14 °C in the South to 23 °C in the North with

mean annual rainfall ranging from 500 mm in the

West to 1200 mm in the East. The relief is flat or

slightly rolling with Mollisols as the predominant

soils formed on loess-like materials, but Alfisols and

Entisols are also common (Alvarez and Lavado

1998). The eolian origin of sediments from South-

west to Northeast and the West–East rainfall gradient

determine that soil texture and depth vary from

sandy-shallow in the West to clayed-deep in the East,

being illite the most common clay mineral (Alvarez

and Lavado 1998; Berhongaray et al. 2013). Along

the West and the South of the region, a petrocalcic

horizon appears at many sites within the upper 1 m of

the soil profile (Teruggi 1957). In areas with annual

rainfall above 600 mm, rain-fed crops are cultivated

on well-drained soils while hydromorphic lands are

released for grazing (Hall et al. 1992; Alvarez and

Lavado 1998). Agriculture was introduced in the

Pampas around 1870 and expanded since then

(Alvarez et al. 2016; Viglizzo et al. 2001). At

present, some 60% of the Pampean area is under

cropping with soybean [Glycine max (L.) Merr.],

wheat (Triticum aestivum L.), corn (Zea mays L.) and
sunflower (Helianthus annuus L.) as the main crops

(MinAgro 2017). Grain crops are rotated with seeded

pastures on high productive soils and low productive

ones are maintained under permanent grasslands. A

widespread adoption of fertilizer use occurred since

1990 but with low nutrient rates (Alvarez et al. 2015).

Wheat was the most common crop in the past but was

replaced by soybean that occupies about 60% of the

cropped area at present time (MinAgro 2017).

Soil sampling

To obtain a regional coverage (Fig. 1), we analyzed

data from 82 farms spread over the Pampas, during

2007–2008. Five common land uses were sampled at

each farm: tree areas (Tree), areas that were never

cropped under gramineous vegetation (Uncropped),

agricultural plots with seeded pastures (Pasture),

agricultural plots with grain crops (Crop), and

flooded lands (Flooded). Sampled sites were georef-

erenced. Tree species present in forest areas were

usually Eucalyptus sp., Pinus sp., Prosopis sp. and

Acacia sp., with most of the trees having 30 years or

older. For the Uncropped control treatment park grass
Fig. 1 Map of the Pampean region showing the location of

sampled farms
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surrounding the house was used in 60 farms, whereas

natural grazing grasslands under very low animal

stoking rate were used in 22 farms. All these sites

were never cropped as far as the records indicated

and represented adequately the Pampean soil envi-

ronment without cultivation effects (Berhongaray

et al. 2013). Pasture and Crop sites were cultivated

sites that at the time of sampling were under the

pasture or crop phase of a mixed rotation respec-

tively. In nearly all Pasture sites the composition was

a mixture of legume and grasses in at least the past

3 years. Crop sites were representative of common

rotation 9 tillage system practices of the different

Pampean sub-regions that had been under grain crop

production continuously from 3 to 20 or more years

at the time of sampling. Tree, Uncropped, Pasture and

Crop sites were established on well drained soils

(Mollisols, Vertisols and Entisols as determined using

a digital database: INTA 2010). The Flooded treat-

ment corresponded to never cropped lowlands used

for grazing under predominant natural grass vegeta-

tion. Those soils were hydromorphic (Alphisols and

Mollisols) suffering periodical flooding events.

A representative plot of 100 m2 was delimited at

each site and in four locations within the plot soil was

sampled to 1 m depth in 0.25 m intervals with a corer.

Samples were composited by depth. When petrocal-

cic horizons were present, soils were sampled to their

upper limit (46 sites). In Tree sites the O horizon was

removed and only the mineral soil was sampled to

avoid possible interference of decomposing residue

on soil stoichiometry, as nutrient ratios are very

variable in residues (Kirby et al. 2011; Mcgroddy

et al. 2004). As not all land uses were available in all

farms, 386 sites were sampled generating a total of

1456 soil samples. The corer allowed for soil bulk

density determination as the volume was known.

Fresh samples were weighted; a sub-sample was used

for water content determination after oven dried

(105 °C), and the rest was air dried and ground

through a 2 mm sieve discarding plant residues.

Analytical methods and climate data

Methods used for soil texture, organic and inorganic

C content, pH and electrical conductivity determina-

tion were described in detail before (Berhongaray

et al. 2013). Total N was determined by the Kjeldahl

method quantifying ammonia by steam distillation

(Bremner 1996). Mineralized N was evaluated by

aerobic incubations of 25 g of soil in 400 ml flasks

during 15 days at a water content equivalent to 50%

of the soil water holding capacity and a temperature

of 30 °C. This incubation method proved to give

more consistent results than short anaerobic incuba-

tions in Pampean soils (Romano et al. 2017) and is a

good predictor of field N mineralization both for fine-

textured (Alvarez and Steinbach 2011) and coarse-

textured (Romano et al. 2015) soils. Ammonium plus

nitrate (mineral N) were determined by steam distil-

lation before and at the end of the incubations

(Mulvaney 1996). Total P was measured by the

perchloric acid digestion method (Kuo 1996) deter-

mining phosphorus colorimetrically (Murphy and

Riley 1962). Extractable P was assessed by the

Bray-I method (Kuo 1996). This is the P availability

diagnosis variable for crops in the Pampas (Rubio

et al. 2015). The method may produce an incomplete

extraction in calcareous soils (Ebeling et al. 2006;

Randall and Grava 1971). To overcome this problem,

when calcium carbonate equivalent surpasses 7%, the

recommendation is to increase the extractant:soil

ratio (Kuo 1996). For all our samples a common

extractant:soil ratio of 7:1 was used, because in less

than 4% of the samples the indicated threshold was

surpassed but statistical analysis of treatment effects

were additionally performed eliminating this 4% of

data without noticeable changes, suggesting that our

data set has no methodological constraints. Nitrogen

and P concentrations were converted to stocks using

bulk density data. Element ratios were calculated as

mass ratios.

Mean annual rainfall and temperature of the

sampled sites were estimated using records from 50

meteorological observatories of the Servicio Meteo-

rológico Nacional for the period 1933–2006 by

kriging interpolation using QGIS. The method

allowed good estimation (R2 [ 0.90) of rainfall

and temperature when tested against an independent

data set of meteorological data from 20 stations

belonging to Instituto Nacional de Tecnologı́a

Agropecuaria.

Modeling N and P profiles

The distribution of N and P pools in depth was

modeled using the potential model (Bernoux et al.

1998) as follows:
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M ¼ A� dB ð1Þ
where M represents the cumulative pool mass (t ha−1

or kg ha−1) to a depth d (m), A is the mass of the pool

to 1 m, and B describes the curvature of the function.

As the model is not linear in the parameters, it can be

linearized by taking logarithms as follows:

logM ¼ logAþ B log d ð2Þ
This form of the potential model has been

successfully used previously for describing soil

organic C in depth with worldwide data (Jobbágy

and Jackson 2000) and Pampean data (Berhongaray

et al. 2013). Parameter B can be fitted using both

untransformed and relative data. When B = 1, the

model fits to a straight line and the pool mass is not

stratified along the different soil layers. The smaller

the B parameter, the more stratified is the nutrient

pool. When B [ 1, a greater accumulation of the

pool is found in deeper soil layers than at the surface.

The model was fitted for soils without petrocalcic

horizon (n = 340). The modeling was performed by

least squares minimization using the Levenberg–

Marquardt algorithm with TableCurve 2D facilities

(Systat Software, Inc.). The R2 was calculated in each

case and significance determined (F test, P \ 0.05).

The possibility of using the potential model for

estimating nutrients pools in depth based on surface

data was tested using as inputs the pool size from the

upper soil layer (0–25 cm), and the average B param-

eter of the corresponding land use type.

Nitrogen and P surface balance

A surface nutrient balance was calculated for cropped

(Pasture and Crop treatments) and uncropped (Un-

cropped control treatment) soils of the Pampas. The

surface balance is a simplified version of the soil

balance in which only inputs and outputs of the

nutrient are computed and losses ignored (OECD

2001, 2008). Inputs accounted for are atmospheric

deposition, fertilizers and manure and outputs take

into account the harvested and livestock products. Not

accounting for erosion, leaching, run-off, volatiliza-

tion and denitrification when calculating balances,

decreases model uncertainty as generally these losses

are extremely difficult to estimate (Oenema et al.

2003). Nutrient surplus can be calculated with this

methodology that may be retained in the soil, emitted

to the atmosphere or leached to deeper soil layers.

When the calculated balance is negative, it is indica-

tive that nutrient is depleted in the soil (Oenema et al.

2003; Panten et al. 2009).

The N balance was computed with inputs from

atmospheric deposition, N fixation by legume pastures

and soybean, and fertilizer applications. Outputs were

N exported in harvested grains and livestock products.

The P balance computed as inputs atmospheric

deposition and fertilizers and the output were the

same as for N. Manure is not used for extensive

agriculture in the Pampas. We employed a database

that was elaborated using national censuses and other

official statistics, data that has been described in detail

before (Alvarez et al. 2016). The database comprised

records on the evolution of seeded pastures surface,

pasture composition, grain crop surface and yield and

livestock production corresponding to the period

1870–2010, and these were obtained from different

grazing resources (seeded pastures or grasslands).

Atmospheric deposition of N (dry and wet) was

estimated at 13 kg N ha−1 year−1 100 cm−1 rainfall and

adjusted as a function of average county rainfall

(Alvarez et al. 2014). Nitrogen fixation by alfalfa

based pastures was estimated using a locally devel-

oped factor of 38 kg N fixed t−1 biomass

(aboveground + roots) (Alvarez et al. 2014). Present

alfalfa productivity at a county scale was estimated

also with a locally adjusted climate model (Alvarez

et al. 2014), and fixation was calculated combining

biomass productivity and the fixation factor. It was

assumed for mixed pastures that alfalfa accounts for

50% of total biomass (Mortenson et al. 2004), and N

fixation was corrected by half. One-third of mixed

pastures were clover (Trifolium sp.) based pastures but

as no methods were available to estimate its N fixation

the same methodology used for alfalfa was applied.

The evolution of alfalfa yield through time has not

been recorded in the Pampas, therefore a

0.63% year−1 yield gain during the twentieth century

was assumed for productivity adjustment in the past,

based on data for the alfalfa producing region of USA

(Putman et al. 2007). Natural grassland fixation was

considered to be null (Chaneton et al. 1996). Nitrogen

fixation by soybean was estimated with a model

adjusted to local experiments and county yield data,

according to which fixation in above and below

ground biomass averages 52 kg N t−1 DM grain (Di
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Ciocco et al. 2011). Nitrogen fertilizer input was

calculated by computing national fertilizer consump-

tion (FAOSTAT 2014) while estimating that 90% is

applied to Pampean grain crops and pastures (Alvarez

et al. 2015, 2016). Nitrogen output was calculated by

multiplying harvested grain and livestock production

with the corresponding nitrogen concentration (Al-

varez et al. 2014, 2016). Grain production came

entirely from cropped areas but 66% of livestock

production was generated from seeded pastures in

cropped areas and the remaining in grasslands

(Alvarez et al. 2016). Phosphorus input from dry

and humid depositions was estimated as

0.23 kg P ha−1 year−1 100 cm−1 rainfall, and adjusted

as a function of average county rainfall (Alvarez et al.

2016). Fertilizer P input was calculated using the same

data and criteria applied for N. Phosphorus output was

computed as the sum of fluxes in harvested grains and

livestock products using adequate P concentration

coefficients (Alvarez et al. 2016), while partitioning

cultivated areas and grasslands.

County scale estimations were aggregated for the

cultivated area, which during 2006–2010 averaged

27.9 Mha. Instead, the grassland area averaged

22.5 Mha. Data from censuses and the other official

data sources (cited in Alvarez et al. 2016) were used

for annual estimations of the variables of interest for

the 1870–2010 period by cubic splines by means of

TableCurve facilities (Systat Software, Inc.). Annual

data were aggregated in periods of 5 years to avoid

some extreme values. The average nutrient balances

of the Pasture and Crop treatments were assumed to

be equivalent to the average nutrient balance of the

entire cultivated Pampean area as sampled sites were

representative of the area. Conversely, for the

Uncropped control treatment we calculated the

weighted average of the surface balances of the

grassland area (n = 22) and park grass sites (n = 60).

In the latter case, the surface balance was estimated

by taking into account only atmospheric N and P

inputs, as no outputs by livestock production

occurred.

Statistical analysis

Before fitting any model, all response variables were

tested for normality using graphical and theoretical

methods from Proc Univariate in SAS (SAS Institute

Inc. 2016), specially the test by Shapiro and Wilk

(1965), because the number of records in the current

research was always less than 2000. As in most of

these analyses the assumption of normality was

untenable (P [ 0.05), data were transformed to

normality using mostly Box–Cox procedures as

discussed by Peltier et al. (1998).

Transformed data were analyzed with three mixed

models with random effects of farm and different sets

of fixed effects, using Proc Mixed of SAS (SAS

Institute Inc. 2016). To test for differences between

land use effects at the same soil depth the following

model was employed:

yijk ¼ ai þ b1ixijk þ b11ix
2
ijk þ uj þ eijk ð3Þ

where yijk is the response variable, αi i = 1, …, 5, are

fixed land use effects, x1i is the jth soil depth

j = 0.125, 0.375, 0.625 and 0.875 m; β1i and β11i are
fixed linear and quadratic effects of the covariate soil

depth k nested within land use effects i and farm j,
respectively. The random variable uj is the effect of

farm j (j = 1, …, 82) such that uj ~ i.i.d. N (0,r2
u).

Finally, random error terms have cov(eijk, eijk´) = r2
e

if k = k′ and to ρk≠k′r2
e if k ≠ k’, the specification of

an autoregressive process [AR(1)]. Attempts to fit a

spatial covariance structure for error terms failed to

converge, most probably because of the long dis-

tances between farms, whereas the AR(1) covariance

structure gave a remarkable fit, i.e. for all response

variables ρ [ 0.5.

Tests for differences between soil depths within

land use were calculated by the following model:

yijk ¼ ai þ cijk þ uj þ eijk ð4Þ
where the term that differs from model Eq. (3) is the

fixed effect of the interaction between i-level of land
use and k-level of soil depth, and the random terms

follow normal distributions such as for model (3).

To test for variables aggregated to 1 m of soil and

the estimated B parameters, the transformed obser-

vations (yij) followed the two-way random model:

yij ¼ ai þ uj þ eij ð5Þ
where land uses (αi) were considered fixed effects,

farm effects uj were random such that uj ~ i.i.d. N (0,

r2
u), and random error terms (eij) follow the distribu-

tion eij ~ i.i.d. N (0, r2
e).

All tests were calculated by setting the appropriate

linear contrasts (Searle 1971), and degrees of
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freedom were corrected by the procedure of Kenward

and Roger (1997). Regression and correlation anal-

ysis were performed for searching associations

between variables, and the F test was used with

P \ 0.05. Slopes and intercepts of predicted versus

observed data were compared by the t test using

IRENE (P \ 0.05) (Fila et al. 2003). Root mean

square error (RMSE) (Kobayashi and Salam 2000)

were calculated for the evaluation of the regression

models.

Results

Data set variability

Climate gradient along the sampled sites was quite

broad, especially for rainfall. Even eliminating

extreme values and accounting for 5 and 95%

percentiles, rainfall from the most humid site was

almost twice the precipitation from the driest one

(Table 1). The variability of soil properties had a

much wider range across sites and depth layers

(Table 1). Organic carbon had a 20-fold variation,

total N a 12-fold range and total P a fivefold range.

This variability determined that C/N, C/P and N/P

ratios varied 6-, 18-, and 11-fold respectively. Labile

N and P fractions variation was even greater.

A strong association was observed between

organic C and total N. Around 70% of total N

variability could be explained by organic C across

land uses and depths. As organic C content increased,

extractable P, mineral N and mineralizable N also

increased. This was the consequence that these

variables were higher at soil surface, decreasing with

depth in nearly all sampled sites and because more

fertile sites (Tree and Uncropped sites) had greater

values of the four variables at all soil layers. Total P

and extractable P were positively correlated. Total N

could explain 52% of mineralized N variability.

Stoichiometry ratios were not highly correlated to

climate and soil properties, but the C/P and N/P ratios

were very closely correlated as they had the same

denominator (spurious regression) (Table 2).

Land use effect on N and P pools

Land use had a significant effect on total N (Fig. 2).

Compared to the Uncropped controls, soils under

Tree increased their total N content up to 1 m depth.

Cultivation resulted in a significant decrease in total

N up to 0.75 m depth. Flooded soils had lower total N

Table 1 Variability of climate and soil properties across sites and depths (n = 1456)

Variable Mean SD Percentiles

5% 95%

Temperature (°C) 16.1 1.33 14.0 18.6

Rainfall (mm) 874 120 657 1060

Bulk density (g cm−3) 1.24 0.18 0.91 1.50

Sand (g kg−1) 483 193 210 840

pH (in water 1:2.5) 6.58 0.95 5.30 8.50

Conductivity (dS m−1) 1.90 3.09 0.27 6.71

Organic C (g kg−1) 9.03 7.64 1.25 25.5

Carbonate C (g kg−1) 1.56 3.15 0.00 7.57

Extractable P (mg kg−1) 23.8 41.4 1.50 116

Total P (mg kg−1) 347 162 127 640

Total N (g kg−1) 1.06 0.893 0.230 2.85

Mineral N (mg kg−1) 17.9 16.3 3.30 48.7

Mineralized N (mg kg−1) 24.0 26.9 0.00 80.0

C/N (mass ratio) 8.80 5.26 3.06 17.1

C/P (mass ratio) 30.2 48.0 3.90 69.9

N/P (mass ratio) 3.38 4.72 0.700 7.71

Nutr Cycl Agroecosyst

123



than the other treatments up to 1 m depth. Generally,

there were no differences between Pasture and Crop

treatments, except at some soil layers. The decrease

in total N stock induced by cultivation averaged 14%

in the whole sampled depth. Mineral N was not

affected by cultivation, which increased under Tree

compared to the Uncropped control (70%) and

decreased in Flooded (Fig. 2). Mineralized N was

similar in Tree and Uncropped, whereas it was lower

in cultivated soils, and reached a minimum value in

Flooded sites (Fig. 2). Significant cultivation effects

on mineralized N were detected to 0.5 m depth.

Cultivation resulted in an average decrease of 21% in

mineralized N in the soil layer up to 1 m.

Total P was affected by cultivation; in Pasture and

Crop treatments total P was significantly lower than

in Uncropped to 0.75 m depth (Fig. 3). For the 0–1 m

layer, total P decreased to an average of 14% due to

cultivation. Flooding led to a decrease of total P

stock. Extractable P was significantly affected by

land use too (Fig. 3). Tree soil had greater

extractable P than Uncropped controls in the upper

0–0.5 m layer but cultivation determined a significant

drop of extractable P down to 0.75 m depth. Also,

low extractable P levels were measured in Flooded

soils. Taking into account the 0–1 m soil layer, the

decrease by cultivation of extractable P averaged

63%.

The analysis of the land use effects on a farm by

farm basis showed that, when the Uncropped controls

had high levels of total N (Fig. 4a), mineralized N

(Fig. 4c), total P (Fig. 4d), and extractable P (Fig. 4e),

cultivation led to a substantially decrease of N and P

stocks. Reduction of nutrients pools in the 0–1 m soil

layer ranged from 48 to 89%, depending on the soil

variable. These pools were less affected by cultiva-

tion in soils with low fertility, whereas in certain

cases some increases were measured. Mineral N in

cultivated soils did not show a consistent trend in

variability relative to the Uncropped control stock

(Fig. 4b).

Modeling N and P pools in depth

Nitrogen and P pools in depth were well modeled by

the potential function (Table 3). The model could be

fitted significantly to nearly all profiles with high

performance. Total P showed a quite different

stratification pattern when compared to the otherT
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pools. With mean B parameters rounding to a value of

1, total P showed a non-stratified trend. Conversely,

total N, mineral N, mineralized N and extractable P

were highly stratified; specially mineralized N.

Except for the mineral N pool, the B parameter was

affected by land use, but this difference was generally

small. In Flooded soils, total N and mineralizable N

were more stratified than the Uncropped control and

in the Tree soil the opposite was observed. Nitrogen

pools in cultivated soils had similar stratification

patterns with the Uncropped control. Extractable P

was less stratified in Flooded than in the other

treatments and no significant differences were

detected between cultivated and uncultivated or Tree

soils. The good fit of the potential model allowed

using it for estimating N and P pools in depth when

only data from the surface layer were available

(Fig. 5). The best performance was attained when

estimating extractable P. In this case, ordinate and

slope of the observed against estimated values did not

differ from 0 and 1 respectively (Fig. 5e). In the other

cases, though ordinates and slopes of the regression

lines were different from 0 to 1, root mean square

errors ranged from 16 to 30% of the observed means.

Stoichiometry ratios and labile pools fractions

In most soil layers, land use had only a minimal

impact on stoichiometry ratios (Fig. 6). The C/N ratio

was higher in Flooded soils than in well drained ones

in whole depth (0–1 m), but significant differences

between Tree and Uncropped were not detected in

general, and cultivation did not affect the ratio. No

clear trends of the C/N ratio in depth were observed.

Fig. 2 Average pools of total N, mineral N and mineralizable N as a function of land use. The numbers at the bottom of the boxes

indicate cumulative pools to 1 m depth. Different letters show significant differences (P \ 0.05) between land uses for a soil layer
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A significant increase in C/N was detected between

surface and subsurface soil layers from the Flooded

treatment only. No significant differences were

detected in the C/P ratio between land use treatments

Fig. 3 Average pools of total P and extractable P as a function of land use. The numbers at the bottom of the boxes indicate

cumulative pools to 1 m depth. Different letters show significant differences (P \ 0.05) between land uses for a soil layer

Fig. 4 Differences (Δ) of N and P pools (0–1 m) between cropped (pastures: empty drops, crops: full drops) and uncropped soils

related to the pools in the uncropped soils (x axis) (n = 146)
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at any sampled soil layer. When comparing this ratio

for the whole 0–1 m layer some significant differ-

ences appeared but these differences were small, not

exceeding 4% of the Uncropped control mean. The

C/P ratio was strongly stratified with significant

differences between the soil layers within a treatment

for all treatments and depths. Generally, significant

differences were not detected between land uses in

the N/P ratio except for some soil depths without a

clear trend. When testing the 0–1 m layer, only

Flooded soils had a lower N/P ratio than the land use

treatments from well drained soils. Similar to the C/P

ratio, the N/P ratio was also well stratified with

significant differences between soil layers within a

treatment in all cases.

The mineralized N/total N ratio was significantly

greater in Flooded soils and similar among Tree,

Uncropped, Pasture and Crop treatments (Fig. 7).

This ratio also decreased significantly in depth for all

land uses, which suggests that organic reservoirs are

more resistant to mineralization in the deeper soil

layers. Cultivation resulted in a strong decrease of the

extractable P/total P ratio (Fig. 7), which significantly

decreased in depth in nearly all cases.

Nitrogen and P balances

The cumulative N and P balances presented quite

opposite trends depending on the type of ecosystem

considered (Fig. 8). The N balance was positive, both

for the Uncropped control and the cultivated treat-

ments. In the latter, the gain of N was much greater

mainly because of the input of N by atmospheric

fixation by legume pastures and soybean but also

because of fertilizer input, which accounted for ca.

7% of the total input. Phosphorus balance was

slightly positive in the Uncropped control, but highly

negative in cultivated soils because fertilizer

Table 3 Performance of the potential function for modeling N and P stocks in soils without petrocalcic horizon

Variable Statistics Land use

Trees (73) Uncropped (75) Pasture (59) Crop (72) Flooded (61)

Total N Significant fits (%) 100 100 100 100 100

R2 range 0.93–0.99 0.98–0.99 0.96–0.99 0.96–0.99 0.98–0.99

Mean coef. B 0.591a 0.544bc 0.518c 0.585ab 0.505c

Cases with B [ 1 0 0 0 0 1

Mineral N Significant fits (%) 100 100 100 100 100

R2 range 0.90–0.99 0.94–0.99 0.94–0.99 0.95–0.99 0.91–0.99

Mean coef. B 0.786a 0.640a 0.663a 0.715a 0.665a

Cases with B [ 1 14 2 1 3 5

Mineralizable N Significant fits (%) 100 100 100 100 100

R2 range 0.91–0.99 0.93–0.99 0.93–0.99 0.95–0.99 0.94–0.99

Mean coef. B 0.547a 0.434b 0.444ab 0.457ab 0.401b

Cases with B [ 1 4 0 0 2 1

Total P Significant fits (%) 97 97 100 100 100

R2 range 0.98–0.99 0.98–0.99 0.97–0.99 0.97–0.99 0.98–0.99

Mean coef. B 0.885a 0.882a 0.933b 0.964bc 1.057c

Cases with B [ 1 16 17 18 28 37

Extractable P Significant fits (%) 100 100 100 100 100

R2 range 0.98–0.99 0.96–0.99 0.98–0.99 0.98–0.99 0.98–0.99

Mean coef. B 0.530a 0.552a 0.600ab 0.599ab 0.689b

Cases with B [ 1 0 1 0 0 7

Numbers in brackets indicate the amount of soils for each land use; total = 340

The percentage of significant (P \ 0.05) fits is showed. Similar letters indicate no significant differences (P \ 0.05) of the averages

slopes of the potential function between land uses
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application was equivalent to only 25% of P outputs.

The ratio P balance/N balance for the last 140 years

was + 0.01 kg P/kg N in Uncropped and − 0.08 kg

P/kg N in cultivated soils. This indicates that for

1 kg N of positive balance in the Uncropped

treatment, 0.01 kg P was gained. Conversely, for

every 1 kg N of positive balance in cultivated soils,

we estimated a loss of 0.08 kg P. Despite this great

difference in nutrients fluxes, the N/P ratio of soils

did not vary significantly.

Discussion

Relationships between variables

The high correlation between organic C and total N

across land uses and depths observed in Pampean

soils had been reported with some other analyses of

big datasets (Kirby et al. 2011; Tian et al. 2010), and

had led to the possibility of estimating total N stock

using soil C (Wu et al. 2009). The slope of the

regression of organic C against total N in our dataset

was 8.2, very close to the average C/N ratio. Fixed

ammonium usually increases with soil clay content in

depth producing a narrowing in the C/N in some soils

(Young and Aldag 1982). In our sampled sites the

exponential model could be fitted to organic C

profiles with very good fits using a mean B parameter

of 0.56 (Berhongaray et al. 2013). This value is very

close to the mean B parameter of 0.55 for total N

across land uses. The similar stratification pattern of

C and N led to an overall mean C/N ratio of 8.8 that

was not affected by soil depth except in Flooded

soils. This suggests a low contribution of fixed

nitrogen to total N in the soils of the region,

especially in well drained soils. As the total N

content of the samples increased, mineralized N and

mineral N also increased because total N is the main

control of mineralization (Colman and Schimel 2013;

Dessureault et al. 2015; Smit and Velthof 2010) and

higher soil mineralization capacity lead to greater

mineral N level.

Fig. 5 Relationships between observed (O) and estimated

(E) pools of N and P by the potential model to 1 m depth.

Estimations were performed using measured pools in the 0–

0.25 m layer as predicting variable and the average B parameter

of each land use. Only soils without petrocalcic horizon were

included (n = 340)
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The relation between total P (which is not stratified

in the profile) and organic C (which is stratified) was

weak. We detected a significant correlation between

organic C and extractable P when grouping all

samples across land uses and depths. This can be

attributed to the fact that Trees and Uncropped soils

had high C and extractable P levels making the

relationship significant, contrasting with cultivated

soils in which both variable levels were low. When

only cultivated soils were considered, no significant

association was detected between C and extractable P

contents.

Land use effects on nutrient pools

Total N was 18% greater under Trees than in the

Uncropped control within the 0–1 m depth. Usually,

more organic C is found in soils from forests than

from grasslands (Guo and Gifford 2002) which can

be related to the greater net primary productivity and

C inputs (Dixon et al. 1994). In the Pampas, forest

soils had 30% more organic C than grassland soils

(Berhongaray et al. 2013) and this might make it

easier to retain N in soil by organic matter accumu-

lation. It has been estimated that total N stocks in

Pampean soils came mainly from past rainfall inputs

before recent leguminous introduction and fertilizer

adoption (Chaneton et al. 1996). Leguminous species

are nearly absent in natural Pampean grasslands but

many forests have N fixing trees (Soriano 1991).

Additionally, in the region some forested areas are

used as shelters for cows (Jobbágy and Jackson

2007), which may produce an extra N input from the

excreta. All these factors lead to greater total N

Fig. 6 Average elements ratios (calculated as mass ratios) as a function of land use. The numbers at the bottom of the boxes indicate

mean ratios to 1 m depth. Different letters show significant differences (P \ 0.05) between land uses for a soil layer
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contents in forest areas of the Pampas than in

grasslands.

Cultivation reduced total N to 1 m depth by 14%

compared to the Uncropped control, which was of

similar magnitude to organic C losses (Berhongaray

et al. 2013). The reduction of total N in the Pampas is

lower than commonly reported values of 40–50%

losses at surface soil when grasslands are replaced by

agriculture (Hass et al. 1957; Lobe et al. 2011; Qiao

et al. 2015). Cultivation began in the Pampas around

140 years ago under mixed systems, in which half of

the time the soils were under grassland or pasture

Fig. 7 Average ratios (calculated as percentage) between

mineralized N and total N or extractable P and total P as a

function of land use. The numbers at the bottom of the boxes

indicate mean ratios to 1 m depth. Different letters show

significant differences (P \ 0.05) between land uses for a soil

layer

Fig. 8 Cumulative surface N and P balance of the Pampas. Each point represents a 5 year average. Uncultivated soils correspond to

the Uncropped (control) treatment. Cultivated soils correspond to Pasture and Crop treatments
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management (Alvarez et al. 2016; Viglizzo et al.

2001), such that the average total N loss was small.

However, total N decreases were heterogeneous

among soils. Fertile soils lost more total N than low

fertile ones and in some of these latter cases total N

increases were measured as response to cultivation. A

similar result was reported in Mollisols from USA

(Hobbs and Thompson 1971). These results may be

ascribed to changes in productivity and C and N

retention in soils when natural ecosystems are

cultivated. In the Pampas, cultivation of rich organic

matter and fertile soils lead to negative C balances,

meanwhile in low organic matter soils, positive C

balances are easier to attain (Alvarez et al. 2011). In

fertile soils, production of crop residue is lower than

that from natural vegetation, but in unfertile ones

cultivation led to greater C inputs than previous

vegetation possible due to fertilizer application.

In cultivated soils, rotation phase did not have a

significant impact on total N to 1 m depth. In the

upper 0–0.25 m layer greater total N stock was

detected during the pasture phase of rotation. Con-

versely, at the bottom 0.75–1 m total N was greater in

soils under the crop phase of the rotation, compen-

sating the former difference. The general lack of

difference between rotation phases in total N stock

was also observed for organic C in the same sampled

sites (Berhongaray et al. 2013). In the Pampas, a

small number of years of sown pastures have a minor

effect on total soil organic matter content, mainly

increasing the labile fraction (Studdert et al. 1997).

Net primary productivity is around 35% lower in

Flooded soils of the Pampas than in well drained ones

(Paruelo et al. 2010). Also, denitrification losses may

be higher as this N flux increases when soil pores are

water filled (De Klein and Van Logtestijn 1996). This

results in lower organic matter content and total N

stock in Flooded soils than in the Uncropped or

cultivated treatments.

Mineralized N followed total N trends despite an

average decrease by cultivation that was slightly

greater than total N drop. It was established many

years ago that cultivation of grassland soils leads to a

decrease of the mineralization potential in surface

soil layers (Hass et al. 1957). In the Pampas,

significant effects of land use on mineralized N were

detected even to 1 m depth. As soil depth increased,

the labile N fraction (mineralized N/total N)

decreased but land use impact on this fraction was

generally not detected, especially between treatments

established on well drained soils. Total N variability

accounted for 52% of mineralized N variability and

the inclusion of depth in a multiple regression

analysis allowed only a small increase (R2 = 0.56)

of the coefficient of determination. Other soil or

climate variables did not improve the fit (results not

presented).

Our results indicated a significant impact of

cultivation on total P and extractable P content in

Pampean soils in surface and deep soil layers down to

0.75 m depth. The loss was especially deep for

extractable P content. Phosphorus losses by cultiva-

tion were the result of the very low fertilizer

consumption in the region and its resulting negative

P balance. Land use effects on soil P have been

reported in other important grain producing regions

of the world mainly at surface soil (Negassa and

Leinweber 2009; Rennesson et al. 2013; Sharpley and

Smith 1983), but some other studies showed that soil

P may have also been impacted in deeper soil layers

(Crews and Brookes 2014; Genxu et al. 2004).

Generally, decreases of soil P by cultivation are

reported but increases may be observed in sites

heavily fertilized. Some Pampean experiments, in

which only P dynamics at soil surface was investi-

gated, showed similar trends (Alvarez and Steinbach

2017). Soils with high natural fertility lost more total

P due to cultivation, meanwhile soils having naturally

low total P level could sustain agriculture. This seems

to be the consequence of great P harvesting due to

greater productivity in fertile soils compared to

unfertile ones and more negative P balances. The

strong trend of extractable P decrease in high fertile

soils but no change in poor P ones can be explained

by the following observation. Low extractable P

levels in soils can be sustained by recycling processes

between P pools when P release by the stable pools

needed to maintain extractable P level is low.

Conversely, in high extractable P soils, stable pools

can not release enough P and extractable P drops

under cultivation unless soils are fertilized (Alvarez

and Steinbach 2017; Johnston et al. 2014).

Trees had no effect on total P but resulted in an

increase of extractable P to 0.5 m depth when

compared to Uncropped control soils. This increase

can be attributed to the different rooting systems

architecture. Tree roots are deeper than grassland

roots (Jackson et al. 1996) and can take nutrients
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from deep soil layers carrying them to surface layers.

Additionally, as indicated above, forested areas in the

Pampas are frequently used as shelter for cows and

therefore P can concentrate at surface because of

excreta. As extractable P accounts for a low fraction

of total P (10% or less), this difference did not impact

the total amount of P. It is unclear why P pools were

low under Flooded conditions. Lowland soils accu-

mulate P received from upland positions (Reddy et al.

2005), but this flux seems not to be of significance in

the Pampas.

Stratification patterns

Different stratification patterns were observed for the

nutrient pools. Averaging the B parameter across land

uses and calculating the mean stratification ratio (SR)

0–0.2 m/0–1 m with the potential model, it was

observed that total N and extractable P showed

similar trends with SR ca. 0.40. Mineral N (SR= 0.32)

and total P (SR = 0.22) were much less stratified,

whereas mineralized N (SR = 0.48) was the most

stratified pool. It has been proposed that nutrient

stratification is a function of crop demand, and that

nutrients that are most limiting for plants are

concentrated at soil surface (Jobbágy and Jackson

2001). In the Pampas, total N and extractable P had a

similar SR than in other world regions (SR = 0.40–

0.50; Jobbágy and Jackson 2001). Mineral N seems

less stratified than total N due to nitrate—N mobility

in the profile, while total P, which was not stratified at

all, was the sum of organic and inorganic compo-

nents. Organic P would concentrate at surface soil

layers but inorganic forms would predominate in

deep ones, both pools compensating each other.

Despite the close correlation usually found between

total N and mineralized N, other research showed that

mineralized N is more stratified than total N (Dodd

et al. 2000; Murphy et al. 1998) as in Pampean soils.

This can be attributed to the decrease of labile

organic matter fractions in depth (Murphy et al. 1998;

Yang et al. 2009). Independent of the stratification

pattern, once the B parameter was fitted for each pool

and land use, the potential model could be used for

nutrient pool estimation in depth using surface data in

all cases.

Stoichiometry ratios and nutrient balances

In well drained soils stoichiometry ratios barely

changed, and if it did changes were generally not

significant between land uses. Some clear differences

were observed only in Flooded soils, when compared

with other treatments. The C/N ratio was greater and

the N/P ratio lower in Flooded soils than in well

drained soils. We attributed these differences to

higher denitrification loses under waterlogged condi-

tions in Flodded soils that narrowed both ratios.

Depth trends of the C/N ratio were not detected in

well drained soils. Some regional studies reported

decreases of the C/N ratio when virgin soils were

cultivated (Hass et al. 1957; Sleutel et al. 2010; Tian

et al. 2010) and as depth increased (Malo et al. 2005;

Tian et al. 2010), but these trends were not observed

in our dataset. The C/P and N/P ratios of Pampean

soils decreased in depth due to the reduction of soil

organic matter content but were generally not

affected by land use. The depth decrease of both

ratios is a common phenomenon (Li et al. 2016; Tian

et al. 2010) but land use effect on stoichiometry ratios

may be contradictory (Cleveland and Liptzin 2007;

Slazak et al. 2014). When calculating the C/N/P ratio

(molar basis) for our data set, a mean value of 61/6/1

was obtained for the 0–1 m depth across land uses.

This value is similar to the average C/N/P ratio of

Chinese soils (Tian et al. 2010) and lower than the

ratio calculated for forest and grassland soils world-

wide at the surface layer (186/13/1) (Cleveland and

Liptzin 2007). The similarity between Pampean and

Chinese soils may be attributed, possibly, to the

loessic origin of many soils in both regions. Con-

versely, differences with other soil types remain to be

clarified.

Nitrogen and P balances were not calculated for

Tree and Flooded treatments because inputs in

excreta for the former and run-off for the latter could

not be estimated. The surface P balance was a

suitable tool for predicting total P changes in soil but

the surface N balance showed quite opposite trends to

total N changes. The N cycle in soil is much

complicated that the P cycle and losses must be

addressed for a sound estimation of possible total N

trends.

Notwithstanding the great nutrient balance differ-

ences between the Uncropped control and the

adjacent cultivated soils, the average N/P ratio was
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unaffected in Pampean soils. This showed that

processes at the profile level controlled the stoi-

chiometry ratio instead of nutrient external fluxes.

Apparently, the average N/P ratio remained

unchanged due to N retention or losses from the

soil, depending on the amount of total P present.

Losses of N in Pampean agroecosystems have been

estimated to approximately 25 kg N ha−1 year−1 as

gaseous forms and lixiviation (Alvarez et al. 2016).

This value is a regional mean that may be greater or

lower depending on the site. As the average C/N ratio

was also not impacted by land use, carbon seques-

tration would be controlled by total P content of the

soil as well.

Conclusions

Pampean soils lost 14% of the N and P stocks after

140 years of cultivation. Labile N and P fractions

were more impacted by land use than total N and P

which may impact crop productivity. These decreases

of the N and P stocks were significant to 1 m depth in

most cases and very fertile soils were more signif-

icantly affected by cultivation than low fertility ones.

Forestation led to an increase in soil fertility.

Stoichiometry ratios were minimally affected by land

use despite its strong impact on N and P fluxes which

in turn altered nutrient balances. Pampean soils

possibly regulate N losses as a function of the total

P present. More work is needed to understand the site

effect on nutrient stocks and stoichiometry ratios as

both varied greatly between sites.
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