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A B S T R A C T

Continuous agriculture (CA) has led to sustainability problems linked with production decreases, environmental
contamination, crop failure and soil degradation in many regions of the world. Crop-pasture rotations (CPR) are
management alternatives that contribute to environmental sustainability and productive diversification. Long-
term experiments (LTE) play a major role in evaluations of the impact of different management practices on soil
quality. However, the results can be misleading if the data are not adequately analyzed. A unique dataset of
annual soil samples from a 55-year-old LTE was used 1) to evaluate the effects of a crop-pasture rotation on soil
quality and crop productivity and 2) to provide robust statistical models to measure long-term changes in
chemical soil quality parameters. Treatments were seven rotations, including CA or CPR with different pro-
portions of pasture in the system (33%, 50%, or 66%). Soil organic carbon (SOC), total nitrogen (Ntot), ex-
changeable potassium (K) and soil pH have been determined annually since 1964, and the cumulative treatment
effects were analyzed. Correlation structures showing the variance heterogeneity for the study years were tested
for each parameter and condition. The longer the duration was of the pasture in the rotation, the slower the
degradation was in the chemical soil quality. The CPR made a key contribution to sustainable agricultural
diversification and intensification, leading to 30% higher crop yields and 19% and 14% greater SOC and Ntot
concentrations, respectively, compared with CA. This LTE played a major role in the identification of strategies
to increase soil fertility with diversified crop rotations through pasture integration, and statistically robust re-
sults were obtained that demonstrate the significance of frequent soil surveying over the long run.

1. Introduction

Since the early 2000s, Uruguay has undergone agricultural in-
tensification, which has increased continuous agriculture (CA) and re-
duced the area under crop-pasture rotations (CPR) (Ernst et al., 2018,
2016). Crop-pasture rotations are characterized as diversified cropping
systems, with several years of cash crops alternating with a one to four-
year grass-legume pasture phase. As reported by several authors (Díaz-
Zorita et al., 2002; Franzluebbers et al., 2014; García-Préchac et al.,
2004), CPR have higher soil organic carbon, better soil structure and
higher water infiltration compared with continuous cropping systems,
resulting in an overall greater buffering power. Uruguay, parts of Ar-
gentina, and Southern Brazil are regions where CPR are implemented
on a large scale (Ambus et al., 2018; Studdert et al., 2010). Uruguay has
16Mha of agricultural land, and of these, 2.4Mha are suitable for
cropping systems (DIEA, 2016). Because of the relatively shallow soils

with moderate slopes and higher cropping intensity with less pasture,
Uruguayan cropland faces increased degradation risks in association
with soil quality losses and increasing erosion rates (Ernst and Siri-
Prieto, 2009). Water erosion is a major concern, which led to the im-
plementation of a governmental program in 2009 ("Soil Use and Man-
agement Plans") that made it mandatory for landholders to implement
the best soil conservation and management practices (Pérez-Bidegain
et al., 2018). Hence, no-till farming was adopted and increased sharply
from 20% in 2000 to 95% in 2017 (DIEA-MGAP, 2018). However,
agricultural intensification based on soybean as the dominant crop and
further reduction of pastures within the CRP, contributed to more soil
degradation and modest crop performance (Ernst et al., 2018). In the
long run, a reintroduction or expansion of pastures into cropping se-
quences will strengthen soil conservation and improve long-term pro-
ductivity (Franzluebbers et al., 2014). This would also contribute to the
maximization of soil surface cover, a key principle in no-till farming
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success (Derpsch et al., 2014; Thiagalingam et al., 1996).
Long-term experiments are essential for understanding soil property

changes, not only because of soil management but also because of
subtle changes in climate and/or in crop management innovations, such
as improved cultivars, more efficient pesticides and modernized ma-
chinery (Körschens, 2006; Johnston and Poulton, 2018). Soils evolve
very slowly, and thus, soil quality parameters (e.g., SOC, Ntot, and pH)
change gradually with turnover times between several decades or
centuries, and these changes can only be monitored by LTE (Barré et al.,
2010; Merbach et al., 2000). Long-term experiments contribute to the
understanding of how crop rotation and tillage practices affect grain
production, soil degradation, soil fertility and overall soil health over a
long period of time (Congreves et al., 2015).

Soil organic carbon (SOC) has gained much interest during eva-
luations of soil quality because of the potential for agricultural soils to
store carbon and thereby mitigate climate change (Bouma, 2019;
Gentile et al., 2005). Soil organic carbon is the most frequently mea-
sured soil health indicator because of its close relation with numerous
soil properties and processes (Bünemann et al., 2018). Intensive agri-
cultural practices have depleted 25–75% of the SOC in most soils of the
world (Lal, 2011). For both, SOC and nitrogen (N) pools, pastures have
great potential for sequestering nutrients and increasing soil fertility
(Franzluebbers et al., 2000). Nitrogen (N) is of particular interest for
researchers, as it is the most important nutrient limiting plant growth
and is the most costly input in crop production for farmers (Grahmann
et al., 2013). Long-term monitoring of soil potassium (K) can rarely be
found, and the understanding of the build-up and depletion of soil K
reserves is poor (Blake et al., 1999a). Recent evidence of K depletion in
agricultural soils in Uruguay indicates the lack of K fertilization
(Barbazán et al., 2012; Beretta-Blanco et al., 2019), but the impact of
pastures in CPR on K soil dynamics remains unclear. Control of soil
acidity is important to ensure productivity. Soil pH can decrease with
increasing time of pasture in the CPR and with increasing mineral
fertilizer rates because of intensified cropping and improved varieties
with higher nutrient demands (Silvertown et al., 2006).

As criticized in the past, the design of LTE is sometimes inadequate,
leading to poorly applied data analysis and doubtful conclusions
(Loughin, 2006). A staggered start of LTE is especially appropriate for

rotation experiments located in areas where weather conditions affect
significantly crop performance (McRae and Ryan, 1996). Many long-
term studies mostly focus on irregular point measurements on soil or-
ganic carbon and crop productivity, but other soil quality indicators are
neglected, and the experimental design is limited (less than three re-
petitions, small plot size, etc.).

Published data on long-term CPR effects on different soil quality
parameters is rare (Richter et al., 2007). We present an advanced, re-
liable statistical analysis of an LTE, with a staggered start design and an
annually repeated soil survey over 55 years. We hypothesize that an
increasing proportion of pastures in the rotation would slow down the
degradation of soil quality demonstrated by increased SOC, N and po-
tassium (K) concentrations in the topsoil compared with continuous
cropping. Another assumption is that the staggered start design of the
LTE would improve the statistical model, thereby leading to high model
fitting and less interannual differences.

The objectives of this study were (1) to evaluate the differences
between CA (with and without N fertilization) and CPR (with 33%, 50%
and 66% pasture proportion and different species composition) on soil
quality and crop productivity, (2) to analyze long-term changes in
chemical soil quality parameters and their different correlation struc-
tures over five decades of soil sample surveys in an LTE with staggered-
start, and (3) to determine quantitative change rates for future mod-
eling and soil sampling frequency for improved sampling schedules of
key soil quality indicators in LTE.

2. Materials and methods

2.1. Research site

The study was carried out at the experimental station of INIA
(National Agricultural Research Institute) "La Estanzuela," near Colonia
del Sacramento, Uruguay (34°20′S, 57°41′W, 80m a.s.l.). The site has a
warm temperate climate, with an average annual rainfall of 1125
(± 279) mm and an annual reference evapotranspiration of approxi-
mately 1180 (± 143) mm over 55 years of weather records (Fig. 1).
Rainfall is highly variable between years and occurs frequently with
high intensity events (Fig. 1). The 20-year mean annual temperature is

Fig. 1. Precipitation (Precip, in mm), potential evapotranspiration (Evapo, in mm) and average yearly minimum (MinTemp, in °C) and maximum (MaxTemp, in °C)
temperatures over 55 years in La Estanzuela, Uruguay. Data provided by INIA´s meteorological stations, Uruguay.
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17 °C, with a minimum of 10 °C in July and a maximum of 23 °C in
January (Gentile et al., 2005). The soil was a Haplic Phaeozem (Vertic,
Eutric), according to the World Reference Base soil classification system
(IUSS Working Group, 2007), or a fine, smectitic Vertic Argiudoll in the
USDA Soil Taxonomy system (Soil Survey Staff, 2010). In the A horizon,
the particle size fraction contains 88 g kg−1 sand, 561 g kg−1 silt and
351 g kg−1 clay. In the B horizon, sand and silt decreased to 54 g kg−1

and 436 g kg−1, respectively, whereas the clay increased to 510 g kg−1.
Detailed soil information for historical conditions in the topsoil can be
found in Table 1.

2.2. Experimental set-up

The LTE was established in 1963 by José Lavalleja Castro to de-
monstrate the impact of N and P fertilization in continuous cropping
systems and the effect of pastures in rotation with crops as a source of
N. Before 1963, the experimental area was under continuous cereal
cropping, with fallow periods for more than 60 years accompanied by
continuous nutrient extraction and without mineral fertilizer applica-
tion.

Currently, the experiment compares different rotation systems to
evaluate sustainable soil management in mixed production systems
known as "ley-farming systems." The experiment consists of seven
treatments and underwent several conceptual modifications in 1974,
1983 and 2009. In 1974, the rotation year was staggered across the
three field replications but maintained the cropping sequences for each
treatment to account for annual climatic variations. Thus, each block
represents a different phase of the rotation. However, because of the
long duration of this LTE, these different cropping phases were not
considered a limitation. From 1982 forward, flax (Linum usitatissimum)
was replaced by barley (Hordeum vulgare) in all respective treatments.
In 1983, cropping sequences were modified to reflect changes in tech-
nology and farmer crop preference that had occurred during the pre-
vious 20 years. The 4-year cycles of crops and pasture changed to 3-year
rotations, and crops were planted twice a year instead of one crop per
year. During the same period, alfalfa (Medicago sativa) pastures were
replaced by bird’s-foot trefoil (Lotus corniculatus) due to plant estab-
lishment problems in the spring. From 2009 on, no-till farming was
adopted in all treatments. In 2011, oat (Avena sativa) was introduced as
a cover crop into the continuous cropping rotation with the soybean
emphasis. Soybean (Glycine max) displaced sunflower (Helianthus an-
nuus) from 2014 onward. The actual cropping sequence can be seen in
Table 2. The trial has a randomized complete block design with three
replicates. Each plot is 25m wide and 200m long and situated
lengthwise on a 2–4% slope.

Crop cultivars were selected yearly through INIA´s breeder re-
commendations. Winter crops (wheat (Triticum aestivum) and barley)

were sown in May and June, and summer crops (sunflower, maize (Zea
mays), sorghum (Sorghum bicolor L. Moench) and soybean) were planted
in November and December. Seeding rates followed the recommenda-
tions for common agricultural practice. Winter crops were usually
harvested in December, and summer crops, in May. Mineral N (urea)
and P (diammonium phosphate, monoammonium phosphate, triple
super phosphate and single super phosphate) fertilizers were applied to
annual crops in each treatment according to soil test recommendations
in the previous cycle (at planting) and according to plant N test in the
respective, actual cycle at Z22 and Z30 (re-fertilization). The fertilizer
source was selected according to availability, and the average applied
amounts per crop and year are presented in Table 3. For pastures,
fertilizer input was lower and averaged 32 kg N ha−1 and 40 kg P ha−1,
which was applied only once when the pasture was seeded. Annual
crops were harvested for grain, and straw residues were retained.
Pasture was mowed to simulate grazing, and forage was left on the
plots. Weeds were controlled according to recommendations from the
station technicians. Pests and diseases were controlled with common
on-station measures.

2.3. Soil sampling and analysis

Based on an earlier review by Bünemann et al. (2018), we included
four frequently used chemical soil quality indicators: organic carbon,
total nitrogen, exchangeable soil potassium and soil pH.

All treatments were sampled yearly to a depth of 20 cm from 1964
to 1996 and to a depth of 15 cm since then. Changes in the soil sampling
depth were not expected to affect the final results because the soil was
homogenized before sampling by conventional tillage up to 20 cm soil
depth until 2009. Sampling was conducted in the fallow period in April
or May, usually before winter crop seeding. Each composite soil sample
consists of 20 sampling points per plot taken randomly in the center of
the field.

Soil samples were processed at the Laboratory of Water, Plants and
Soils of the Experimental Station Alberto Boerger INIA La Estanzuela
(Colonia, Uruguay). They were analyzed for SOC, Ntot, pH in water (pH)
and exchangeable K. From 1964-2011, the SOC was determined using
K2Cr2O7 and heat as described by Tinsley (1967). From 2012 forward,
the SOC was measured by dry combustion at 900 °C followed by in-
frared detection (LECO Truespec; Wright and Bailey, 2001). To be
comparable with previous decades of values obtained by Tinsley, the
LECO values were multiplied by a coefficient of 0.81, which was de-
fined previously by the soil laboratory using an internal validation
method. However, this coefficient indicates an average underestimation
of 19% by the Tinsley method for all reported SOC values. Total N was
measured with micro-Kjeldahl and titration (Bremner and Keeney,
1965) until 2011. Since then, total N has been measured by combustion
at 900 °C and posterior detection of N2 by thermal conductivity (LECO
Truespec; Wright and Bailey, 2001). Soil pH was determined po-
tentiometrically (1:2.5 soil/distilled water suspension; Beretta et al.,
2014). Exchangeable and water soluble K was determined by leaching
1M ammonium acetate (NH4OAc) at pH 7, followed by atomic emission
(stored soil samples from 1964 to 1990 were analyzed in 1994) ac-
cording to Jackson (1964).

2.4. Statistical analysis

Analysis of variance was performed with the PROC MIXED proce-
dure in SAS statistical software Version 9.4 (SAS Institute, 2013). Soil
parameters were averaged per block and analyzed as a randomized
complete block design with staggered start. The correlation structure
for each response variable was selected based on the smallest Akaike
Information Criterion (AIC) and differed among soil quality parameters
(Loughin, 2006; Onofri et al., 2016). Mixed model analysis based on
restricted maximum likelihood estimation (REML) was applied ac-
cording to Payne (2015) to account for unbalanced datasets and

Table 1
Basic soil information at the crop-pasture rotation (CPR) experiment in La
Estanzuela, Uruguay (Soil survey from 1985 conducted by the Uruguayan
Ministry of Agriculture).

Depth (cm) 0-18 18-74 74-97 97-120

Horizon Ap B2t B3 Cca
pH in water 5.9 6.4 7.2 7.4
PBray (ppm) 7 4 3 4
Sand (g kg−1) 88 54 47 62
Silt (g kg−1) 561 436 464 502
Clay (g kg−1) 351 510 489 436
OM* (%) 3.86 1.64 0.59 0.17
SOC (g kg−1) 2.24 0.95 0.34 0.1
Ntot (g kg−1) 0.19 0.11 0.05 0.04
C/N 11.8 8.6 6.8 2.5
Total bases (mmol kg−1) 206 287 305 287
Saturation (%) 79 91 100 100

* OM: organic matter.
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different residual variances. Crop rotation and time and their corre-
sponding interaction were fixed effects, whereas the block was random.
For the first ten years, repeated measurements were conducted. From
1975 on, when a staggered start was established in the experimental
design, the year was converted to a time-point reference (11–55 years)
and considered to be a repeated measure leading to true replicates in
time. The random year effect, and hence yearly climatic variability, and
the fixed time effect were separated by the staggered start design. In-
teractions associated with the block were avoided because of the po-
tential for interference with covariance structures (Loughin, 2006). All
treatment effects were considered significant at P ≤ 0.05. Mean com-
parisons were made using the LSMEAN/PDIFF procedure (P≤ 0.05).
Values are reported as the means± standard error. Figs. 2, 4–6 show

the progress of the staggered start means in time and not the observed
yearly average, matching the cropping sequence for CA and the pasture
sequence for CPR since 1975. The figures of soil quality parameters
show the progress regression analyses were conducted for each che-
mical soil parameter and treatment, with best fitting regressions and
highest coefficient of determination with polynomial equations being
obtained. Intercepts for each soil parameter were set according to the
first 5-year treatment average for each case, and calendar years were
converted into years after the initiation of the experiment to obtain
regression functions. Statistical models were evaluated based on linear
regression, with slope and intercept parameters being compared with
the 1:1 line, between predicted LSD means and observed means, and a
second regression, between predicted LSD means and staggered start
means, as proposed by Piñeiro et al. (2008).

3. Results and discussion

3.1. Soil organic carbon

Unless stated differently, the following results focus on CA treat-
ment averages with fertilizer application, excluding treatments not re-
ceiving fertilizer (CA0).

Overall, the SOC concentrations were 17.6 g kg−1 in CA with fer-
tilizer treatments and 21.2 g kg−1 in CPR treatments. The evolution of
SOC showed a relative separation of CA and CRP treatments 28 years
after the initiation of the experiment, which attenuated 21 years later
(Fig. 2). Averaging the first and the last decade of the experiment,

Table 2
Treatments from 2014 to the present for the crop-pasture rotation (CPR) experiment in La Estanzuela, Uruguay.

Abbreviation System description Year of cropping sequence (Winter/Summer crop)

1 2 3 4 5 6

CA0 Continuous agriculture without fertilizer Corn Barley/Sorghum Wheat/Sunflower Rotation repeated
CA+ Continuous agriculture with fertilizer Corn Barley/Sorghum Wheat/Sunflower Rotation repeated
CASoy Continuous agriculture with fertilizer Soybean Oat (CC)/Soybean Wheat/Sunflower Rotation repeated
33%Past 66% Crops 33% Pasture (1 year Red clover) Sorghum Wheat/Sunflower Red clover Rotation repeated
50%Lot 50% Crops 50% Pasture (Lotus) Corn Barley/Sorghum Wheat/Sunflower 3 years of Lotus
50%Past 50% Crops 50% Pasture (3 years F+WC+BT) Corn Barley/Sorghum Wheat/Sunflower 3 years of Pasture
66%Past 33% Crops 66% Pasture (1 year Red Clover, 3 years F+WC+BT) Corn Red clover Sorghum 3 years of Pasture

F: tall fescue (Festuca arundinacea Schreb.), WC: White clover (Trifolium hybridum L.), BT: Birds´-foot trefoil (Lotus corniculatus L.), CC: Cover crop.

Table 3
Average mineral nitrogen (N) and phosphorus (P) fertilizer inputs per crop over
two periods for seven different cropping systems at the crop-pasture rotation
(CPR) experiment in La Estanzuela, Uruguay.

CA0 CA+ CASoy 33%Past 50%Lot 50%Past 66%Past

N fertilizer kg ha−1

1963-2006 0 29 39 33 25 24 30
2007-2017 0* 99 75 69 86 91 50
P fertilizer kg ha−1

1963-2006 0 23 27 27 23 25 28
2007-2017 0 30 34 34 30 33 37

* Accidental application of 46 kg N ha−1 in 2014 in one plot was neglected.

Fig. 2. Soil organic C concentration (SOC, in g
kg−1) in 0–15 cm soil depth at the crop-pasture
rotation (CPR) experiment in La Estanzuela,
Uruguay, as affected by the cropping system.
Shaded boxed correspond to the three-year
pasture sequence. (CA0: continuous agriculture
without fertilizer input, CA+: continuous agri-
culture with fertilizer input, CASoy: continuous
agriculture with soybean emphasis, 33%Past:
CPR with 2 years of crops preceded by 1 year of
pasture, 50%Lot: CPR with 3 years of crops
preceded by 3 years of Lotus, 50%Past: CPR
with 3 years of crops preceded by 3 years of
pasture, 66%Past: CPR with 2 years of crops
preceded by 4 years of pasture) over 55 years.
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CA+and CASoy showed a reduction in SOC of 22%, whereas CPR
(66%Past) increased by 11%. As pointed out by Franzluebbers et al.
(2014), the introduction or extension of perennial grasses and legume
phases into crop rotation contributed to the recovery of soil organic
matter and hence SOC, leading to higher long-term productivity even
with substantial changes in tillage activities. This was consistent with
our hypothesis, showing higher yearly crop yields in CPR compared
with CA with fertilizer for different crops and tillage practices in 35
years of observations (Table 4). However, overall, the nutrient extrac-
tion would be lower in CPR than in CA with fertilizer, as pasture is not
removed, and the total accumulated grain yield extraction was lower.

The benefits of pasture integration into cropping rotations to in-
crease SOC are widely recognized without respect to pasture duration
(Chan et al., 2011). In this study, pastures had a particular importance
to the mitigation of soil erosion, which has been reported as one of the
main causes of C losses in Uruguay, especially when the tillage intensity
was high during the early years of this LTE (García-Préchac, 1992). The
reduction in total number of field operations between the 1980s and
1990s probably reduced soil erosion losses, explaining the lower slopes
of the curves in the latest years of the experiment (Fig. 2).

As observed in earlier studies, a short-term, cyclical change was
observed in the SOC in CPR. Carbon decreased during the cropping
phase and increased during the pasture phase, which can be observed in
Fig. 2, due to averages of matching pasture sequences in CPR (Díaz-
Zorita et al., 2002; García-Préchac et al., 2004). Although nutrient
dynamics in the soil surface might get confounded by the effect of soil
erosion (Gentile et al., 2005), the overall observations show significant
treatment (TRT), Time and TRT x Time effects (Table 5).

3.2. Total nitrogen

Overall, the averages for the Ntot concentrations were 1.6 g kg−1 in
CA and 2.0 g kg−1 in the CPR treatments. Comparing the first ten-year

average with the last ten-year average, the Ntot decreased 14% in the
CA treatments and increased between 3% (50%Past) and 27% (66%
Past) in the CPR treatments. The development of Ntot over time was
similar to that of the SOC, separating the CA with fertilizer and CPR
treatments into two groups 21 years after the experiment was initiated.
However, treatment differences decreased beginning in 2011, only two
years after adoption of no-till farming (Fig. 4). Since then, a higher
variability in Ntot between years was observed. Possible explanations
for this are the random sampling of more organic material (crop re-
sidues) on the soil surface, higher nutrient stratification in the topsoil
and increased N fertilizer rates (Table 3). As a soil parameter, Ntot is
sensitive to N fertilization and depends on the time elapsed from pre-
vious N fertilization and on the moment of sampling, which was dif-
ferent between years. In the first decade, no TRT x Time interaction was
found, which changed after staggered start rotations were introduced
(Table 5). However, Time and TRT significantly affected the Ntot in both
experimental periods. We assume that treatment effects were not only
caused by crop rotation differences but rather by the prior mentioned
irregularities and differences in N fertilizer management between
treatments and the sampling moment between years.

Total nitrogen is not only determined by mineral N fertilizer and the
original soil N pool but also by leguminous N fixation, N deposition,
gaseous N and/or leaching N losses and nonsymbiotic bacterial N
fixation (Ernst and Siri-Prieto, 2009). Diaz Rossello (1992) estimated
Ntot accumulation of 500 kg N ha−1 for each pasture cycle in 50%Past.
Furthermore, he expected an input of 1 kg N ha−1 by biological N
fixation through legumes for each 25 kg of leguminous dry biomass
produced. By including legumes into the CPR, the N economy on the
plot level can be improved through N fixation (Diaz Rossello, 1992),
and overall, the soil sustainability is fostered in the long-term (Meena
et al., 2018).The mineral N from biological N fixation in CPR under-
went immobilization processes, building up Ntot over time, which was
represented by increasing Ntot in all CPR treatments (García Lamothe
et al., 2009; Fig. 4). However, this surplus of N probably results from
ungrazed pastures, infrequent biomass export and reduced accumulated
grain extraction in CPR (Fig. 3). By contrast, Ernst and Siri-Prieto
(2009) observed decreasing Ntot concentrations when the pastures were
grazed by animals.

Total N in the CA decreased even with continuous fertilization due
to an overall depletion of the soil N pool. This decrease probably oc-
curred because the contribution from the soil N pool to crop nutrition
was higher than from the N returned to the soil system by mineral
fertilizer, straw residues and fixation by soybean crop over time.
Additionally, as mentioned before, the nutrient extraction was greater
in the CA compared with the CPR (Fig. 3). Moreover, the C:N ratio of
the topsoil was relatively similar in all treatments and years, with an
overall average of 10.6 (data not shown). Hence, the steady loss in Ntot
in CA follows a similar pattern to the abovementioned loss in SOC and
was not compensated by nitrogen fertilization as reported by Geisseler
and Scow (2014). Separation trends in Ntot by treatment groups (CA and
CPR) were absent, but year-to-year differences were observed.

Table 4
Average grain yields (± standard error, in Mg ha−1) for wheat, barley and
sorghum for six different cropping systems under conventional tillage
(1983–2007) and no-tillage (2008–2017) at the crop-pasture rotation (CPR)
experiment in La Estanzuela, Uruguay.

Crop (Mg ha−1) Wheat Barley Sorghum

1983-2007 CA CA+ 2.2 ± 0.2 2.4 ±0.2 4.6 ±0.4
CASoy 2.8 ± 0.2 2.9 ±0.2 1.8 ±0.3

CPR 33%Past 2.8 ± 0.2 2.8 ±0.3 NA NA
50%Lot 3.0 ± 0.2 3.2 ±0.2 4.7 ±0.7
50%Past 2.9 ± 0.3 3.1 ±0.3 5.2 ±0.8
66%Past 2.5 ± 0.2 3.0 ±0.2 NA NA

2008-2017 CA CA+ 2.2 ± 0.2 2.2 ±0.4 2.7 ±0.5
CASoy 3.6 ± 0.3 NA NA NA NA

CPR 33%Past NA NA 4.4 ±1.0 5.4 ±2.8
50%Lot 3.6 ± 0.4 4.4 ±0.5 NA NA
50%Past 3.9 ± 0.4 3.9 ±0.4 3.0 ±0.6
66%Past 4.1 ± 0.4 NA NA 5.2 ±1.1

Table 5
P values (TRT: treatment), AIC (akaike information criterion) and CS (correlation structure) of repeated measurements (1964–1974) and staggered start design
(1975–2018) for chemical soil quality parameters at the crop-pasture rotation (CPR) experiment in La Estanzuela, Uruguay.

Repeated measurements Staggered start

TRT YEAR TRT*YEAR AIC CS* TRT Time TRT*Time AIC CS*

SOC 0.0003 < 0.1133 −162 ANTE < < < −139.9 CSY
Ntot 0.002 < 0.0509 −811 CSH < < < −2938.3 CSH
K 0.0297 0.0723 0.0053 −179.2 ARH(1) < < 0.184 −478.9 CSY
pH 0.4753 < 0.2275 −69.5 CSH < < 0.4497 21.9 CSY

< :p< 0.0001; *ANTE: first-order antedependence structure, CSY: compound-symmetry, CSH: heterogeneous compound-symmetry structure, ARH(1): first-order
autoregressive structure.
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3.3. Exchangeable potassium

For the first and last decade of the soil survey, K concentrations
decreased from 0.86 to 0.58 cmol kg−1 in CA+and decreased from
0.97 to 0.78 cmol kg−1 in 50%Past. Only three treatments (CA0,
CA+and 50%Past) were included in the annual soil analysis for ex-
changeable K until 1991, and these treatments showed significantly
higher concentrations in 50%Past (Fig. 5). No TRT x Time interaction
was observed after the staggered start was implemented, as all treat-
ments revealed different exchangeable K development over time, but
the interaction was significant in the first ten years after trial initiation.
Again, the TRT and Time affected the K concentrations significantly for
both periods over the long run (Table 5), but significant differences
between treatments were mostly absent within a single sampling year
(data not shown). Potassium was not added as fertilizer in any moment,

and plants absorbed K solely from the soil reservoir, which explained
the decrease in all treatments (Fig. 5). The findings of Scherer et al.
(2003) showed no negative effects on cereal yields in an LTE when no K
fertilizer was applied, suggesting that soil K reservoir was sufficient in
that particular soil. The same was true for the present study, where soil
K tests did not fall below the reported critical level of 0.34 cmol kg-1 yet
(Barbazán et al., 2012). However, decreasing tendencies and values of
the last soil survey in 2018, when the soil K in all fertilized treatments
averaged only 0.5 cmol kg−1, suggest the need to add K in future. Based
on observed annual decline rates of soil exchangeable K, values below
0.34 cmol kg−1 will be reached in 32 years in CA+ (R²=0.76) and in
37 years in CASoy (R²= 0.4; Fig. 5), whereas in CPR (33%Past), critical
K levels might be reached in more than 100 years (R²= 0.21, data not
shown). However, recent soil surveys in Uruguayan cropland showed a
generalized decrease in soil K (Beretta-Blanco et al., 2019), which has

Fig. 3. Average accumulated grain yields (in
Mg ha−1) at the crop-pasture rotation (CPR)
experiment in La Estanzuela, Uruguay, for
main crops since the installation of the ex-
periment in 1964 (CA0: continuous agriculture
without fertilizer input, CA+: continuous
agriculture with fertilizer input, CASoy: con-
tinuous agriculture with soybean emphasis,
33%Past: CPR with 2 years of crops preceded
by 1 year of pasture, 50%Lot: CPR with 3 years
of crops preceded by 3 years of Lotus, 50%Past:
CPR with 3 years of crops preceded by 3 years
of pasture, 66%Past: CPR with 2 years of crops
preceded by 4 years of pasture).

Fig. 4. Total soil nitrogen concentration (Ntot,
in g kg−1) in 0–15 cm soil depth at the crop-
pasture rotation (CPR) experiment in La
Estanzuela, Uruguay, as affected by the crop-
ping system. Shaded boxed correspond to the
three-year pasture sequence. (CA0: continuous
agriculture without fertilizer input, CA+: con-
tinuous agriculture with fertilizer input, CASoy:
continuous agriculture with soybean emphasis,
33%Past: CPR with 2 years of crops preceded by
1 year of pasture, 50%Lot: CPR with 3 years of
crops preceded by 3 years of Lotus, 50%Past:
CPR with 3 years of crops preceded by 3 years
of pasture, 66%Past: CPR with 2 years of crops
preceded by 4 years of pasture) over 55 years.
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arisen in crop responses to K fertilization. This has been associated with
the intensification of soybean production, which increased K extraction
compared with other crops (Barbazán et al., 2012). Because the em-
phasis on soybean was recently introduced to CASoy in 2008, the
previous K extraction by cereal grain in this treatment was similar to
CA+but might be accelerated in future.

Nevertheless, the exchangeable K only measured one K fraction, but
a constant repositioning occurred in the K bound to clay minerals
(nonexchangeable K). Soil clay minerals at the site consisted mainly of
smectite, which contain lower plant available nonexchangeable K than
illitic soils (Núñez and Morón, 2017). This nonexchangeable or reserve
K can be replaced under appropriate conditions, either by ion exchange
or by dissolution, predominantly through the acidification of the rhi-
zosphere by legumes (Barré et al., 2007; Velde and Peck, 2002). The
natural release of K from the subsoil was estimated between 35-70 kg
ha−1 a-1 (Kautz et al., 2013), which could explain the satisfactory K
concentrations in CA with fertilizer treatments in the past, even with
the continuous removal of crops. However, subsoil data are not avail-
able for this experiment. Again, the biomass of legumes and pasture in
the CPR was not removed, leading to a frequent K release into the soil
during decomposition. The ten-year average for 66%Past showed the
same amounts of exchangeable K in the beginning and in the end of the
experiment (0.89 cmol kg−1). Exchangeable K concentrations were
overall higher in CPR compared with CA with fertilizer (0.78 and
0.63 cmol kg−1, respectively), probably due to better recycling of soil K
from the deeper layers caused by different rooting structure and the
mobilization of K from mineral layers by acidifying legumes (Barré
et al., 2007; Muofhe and Dakora, 2000). Since the adoption of no-till
farming, the role of the K recycled from the crop residues remains
unclear. Evidence exists that surface crop residues increase exchange-
able soil K concentrations compared with bare soil (Ranaivoson et al.,
2017). Crop residues get washed during high precipitation events, and
K enters quickly into the soil, where it can become stratified in deep
soils (Martínez et al., 2016).

3.4. Soil pH

Soil pH increased from 5.7 to 6.2 in CA0 after 55 years and stayed
slightly acidic in the other treatments. For the CPR treatments, the soil
pH averaged 5.5, and for the CA treatments, 5.7. No liming was applied
at the site during the experimental period. No significant effect of TRT

occurred in the beginning of the experiment, which changed when the
staggered start was introduced (Table 5). This demonstrated that
changes induced by species composition and fertilization in the soil pH
accumulate slowly and are not measurable in the short term. After 55
years, the pH increased in the CA0, stayed stable in the other CA with
fertilizer treatments and decreased in the CPR when the ten-year
average was compared between the beginning and the end of the study
period (Fig. 6). In 1964, the average soil pH for all treatments was
5.6 ± 0.08; this was the same average for all treatments receiving
mineral fertilizer in 2018. Because the pH did not change significantly
in CA+ and CASoy, we assume a pH stabilization over time, which is in
contrast to the findings of Beretta-Blanco et al. (2019), who found a
reduction of 0.02 units of pH per year over 13 years of agricultural
production in Uruguay. In a review of LTE in Europe and China, Bai
et al. (2018) did not find any clear trends for soil pH changes in dif-
ferent agricultural management practices.

The slight acidification in CPR treatments was probably caused by
legumes in the rotation (Bolan et al., 1991; Dakora and Phillips, 2002).
Legumes must release a net excess of protons when reducing N2 in their
root nodules. These protons can noticeably lower the rhizosphere pH
and increase the availability of some mineral nutrients such as K. The
lack of homogenization under no-till practice and residue retention can
further decrease the soil pH. After 20 years of the implementation of a
long-term trial in Switzerland, a lower soil pH was observed with no-till
compared with moldboard plowing (5.0 and 5.4, respectively) in the
first 10 cm soil depth (Martínez et al., 2016). Again, the introduction of
no-till practice might have caused the less constant but noisier curve
development after 2009 (Fig. 6).

We found a significant negative correlation between the soil pH and
the SOC (R=-0.47). The treatment without any fertilizer (CA0) appli-
cation was the only one showing a soil pH increase over time, but this
treatment also had the highest SOC decrease in the top layer. In this
treatment, the main drivers of soil acidification, like mineral fertiliza-
tion and soil mineralization, are absent or significantly reduced (Blake
et al., 1999b). The same treatment suffered from severe erosion (27Mg
ha−1 yr−1; Garcia Préchac 1992), leading to big rills and deep gullies,
with an approximate soil loss of 38% in the A horizon (Molfino, internal
report, 2008). Annual soil surveys avoided sampling deep gullies, but
consequently, soil samples were taken from different soil layers high in
carbonates which may have affected the soil pH in the 0–15 cm soil
samples. In 2011, cation exchange capacity (CEC) was determined in

Fig. 5. Exchangeable potassium (K, in cmol
kg−1) concentrations in 0–15 cm soil depth at
the crop-pasture rotation (CPR) experiment in
La Estanzuela, Uruguay, as affected by the
cropping system. Shaded boxed correspond to
the three-year pasture sequence. (CA0: con-
tinuous agriculture without fertilizer input,
CA+: continuous agriculture with fertilizer
input, CASoy: continuous agriculture with soy-
bean emphasis, 33%Past: CPR with 2 years of
crops preceded by 1 year of pasture, 50%Lot:
CPR with 3 years of crops preceded by 3 years
of Lotus, 50%Past: CPR with 3 years of crops
preceded by 3 years of pasture, 66%Past: CPR
with 2 years of crops preceded by 4 years of
pasture) over 55 years.
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this LTE and findings coincided with soil pH. Results showed a sig-
nificantly higher base saturation of 86% in CA0 compared with only
75% in the other two CA with fertilizer treatments (p=0.01).

3.5. Crop yields

The average accumulated grain extraction was higher in the CA
treatments with fertilizer application compared with CPR (Fig. 3).
Therefore, the greater soil quality parameters in CPR described above
cannot only be explained by the benefits of pastures in the rotation but
also by the lower accumulated productivity and nutrient extraction.
The overall slower decrease of SOC in CPR was first due to longer
pasture phases and shorter crop phases over time, was then due to
higher organic inputs from root and biomass mineralization during
pasture phase (Kravchenko et al., 2019) and was finally due to reduced
accumulated crop yields. Although accumulated grain yields were
lower in the CPR, the yearly average crop yields were higher compared
with CA with fertilizer (Table 4). As shown before by Ernst et al. (2016),
when wheat was rotated with perennial pasture, soil productivity in-
creased, and the risk of harvest failure through climate variability was
reduced, leading to higher wheat yields over time (3.9Mg ha−1 and
2.9Mg ha−1 in CPR and CA, respectively). Long-term performance of
wheat and barley from 2008 to 2017 under no tillage showed similar
results with lower yields in CA with fertilizer treatments and higher
yields with the increasing proportion of pasture in the rotation
(Table 4). Significantly lowest yields for all crops were recorded in the
CA0, which lacked any fertilizer input.

3.6. Implications for LTE design, soil sampling frequency and model
evaluation

The analysis of this comprehensive dataset revealed several ques-
tions relating to the management of statistical uncertainties that accu-
mulated over time. The most relevant consideration when sampling soil
in LTE is the temporal variation of certain soil quality parameters. Due
to differences in the moisture or the temperature of soil and air at the
moment of sampling and the time span since the last fertilization or
tillage, the results will vary (Franzluebbers et al., 1995; Lobell et al.,
2004). These variable results could indicate yearly differences and ap-
pear as interannual variation, and thereby overlap possible treatments
effects. However, because the adapted model used for this LTE has a

statistically favorable staggered start design, we excluded the climatic
yearly variation as the explanatory variable and assume that the cli-
matic variation did not overwhelm the treatment effects over time.
Therefore, the present study is considered a valuable source for reliable,
scientifically sound data analysis and interpretation in soil fertility
studies, which have rarely been considered in the past (Onofri et al.,
2016; Van Putten et al., 2010).

Second, sheet and rill erosion took place in the half century of this
experiment, becoming an additional factor for soil chemical quality
changes in certain treatments. The narrow but long plots placed along
the slope were presumably meant to allow for erosion processes to take
place naturally in this experiment. However, only simple and indirect
measures of soil losses could be done for practical reasons. This situa-
tion illustrates the difficulty in evaluating nutrient stocks, especially in
CA treatments with higher erosion losses over a long period of time. In
this study, the soil was sampled in 0–15 cm soil depth in CA non-
fertilized treatments where soil erosion was severe. The actually sam-
pled depth currently is what was part of the B horizon at the beginning
of the experiment. Problems with this evaluation could be solved by
complex modeling approaches and regular determination of soil erosion
rates. In the future establishment of long-term studies, researchers
should consider sampling at deeper soil depths (> 15 cm) to further
characterize and understand soil quality and its impact on crop yield
(Congreves et al., 2015; Dimassi et al., 2014).

Finally, modifications in laboratory methods and improvements in
the accuracy of laboratory analysis might have affected the final raw
data. These accumulated methodological uncertainties could be over-
come by analyzing all samples from the soil archive at the same mo-
ment, with the same methodology, but economical constraints were
present. Another source of error may be caused by the different in-
dividuals who performed soil sampling and laboratory analysis over the
fifty years. Additionally, different soil sample auger types were used
over time. Altogether, the package of uncertainties accumulated over
more than five decades might be important because they might easily
obscure small differences when comparing specific years (Kulmatiski
and Beard, 2004), e.g., SOC concentrations in 1971 and 2014. There-
fore, we decided to present accumulated treatment tendencies over a
long period instead of comparing treatments in a particular year.

As shown by Merbach et al. (2000), soil property effects due to
changes in rotation or fertilization were only evident after 30 years, and
a new steady state was established after 70 years. This raised the

Fig. 6. Soil pH in the 0–15 cm soil depth at the
crop-pasture rotation (CPR) experiment in La
Estanzuela, Uruguay, as affected by the crop-
ping system. Shaded boxed correspond to the
three-year pasture sequence. (CA0: continuous
agriculture without fertilizer input, CA+: con-
tinuous agriculture with fertilizer input, CASoy:
continuous agriculture with soybean emphasis,
33%Past: CPR with 2 years of crops preceded
by 1 year of pasture, 50%Lot: CPR with 3 years
of crops preceded by 3 years of Lotus, 50%Past:
CPR with 3 years of crops preceded by 3 years
of pasture, 66%Past: CPR with 2 years of crops
preceded by 4 years of pasture) over 55 years.
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question about soil sampling frequency of soil quality parameters and
how long the period of sampling should be continued to obtain sig-
nificant treatment differences. Depending on the soil chemical para-
meter of interest and the contrasting treatments involved, significant
changes within the same treatment were observed after 23 years (for
Ntot in CA0) or after 45 years (for pH in CA+) after implementation of
staggered rotations, pointing toward the need for a less-frequent soil
survey. This finding highlights the importance of the LTE in agricultural
science because, without such study, discovering these kinds of changes
over a long period would be impossible. In contrast, 66%Past showed
significant changes after 2 years for Ntot and after 5 years for pH
(Table 6). However, delayed significant differences for certain soil
parameters in the same treatment may be explained by the staggered
rotations within one sampling year that flatten faster changes that could
occur if the blocks had the same rotation. This happened in various
treatments and soil quality parameters during the first 10 years after
initiation of the LTE, when rotations were not staggered. Significant
changes in the SOC were observed in all treatments except 33%Past.
During yearly repeated measures in the nonstaggered LTE period,

climate variability and different moments of soil sampling might have
caused significant changes after a short period, with, for example, the
soil pH, which changed significantly in all treatments after two to ten
years (Table 6).

As observed by Payne (2015), variability was unsteady across years,
and correlation structures were different, leading to continuous tests for
each parameter (Table 5). Different correlation structures were due to
several missing observations for certain treatments and years for each
of the soil quality parameters but were also due to different magnitudes
of data (e.g., Ntot has a small range of measured data (0.9 to 3.1 g kg−1).
Curve fitting of staggered means for all presented soil parameters re-
sulted in high coefficients of determination in CA0 and, except for the
soil pH, also in the CA+ and CASoy, whereas data approximation in
the CPR treatments resulted in mostly unsatisfactory R² (Table 7).
However, we found relatively consistent trends for Ntot for all treat-
ments. This finding was confirmed by a subsequent model evaluation
(Table 8). Robust statistical models were found for most CA treatments
and parameters, but CPR models did not grab the specific effect of
pastures, as we only classified treatment per se, but no additional fac-
tors like pasture duration or pasture composition. Additionally, his-
torical treatment changes in the crops, length of pasture and crop phase
or increases in fertilizer dose are not contemplated in the model. The
statistical model for the staggered start design in the LTE was proven to
work in the CA as proposed before with hypothetical data for con-
tinuous cropping systems and confirmed our hypothesis (Loughin,
2006). For future analysis of CPR, the statistical model should be ex-
tended, which will require high computer performance.

4. Conclusions

The evaluation of this unique long-term dataset suggests that a
punctual analysis of soil quality parameters in LTE is not enough to
relate significant differences to treatment effects. Many other factors
and uncertainties contribute to interannual variability of soil quality
data due to sampling and subsequent laboratory analysis. This em-
phasizes not only the importance of the existence and continuation of
the LTE but also a higher soil sampling frequency in soil quality ex-
periments. The selection of regularly measured soil quality indicators is
the key to detecting long-term changes and sustainable management
practices. Soil pH and exchangeable K results are less affected by dif-
ferent rotation treatments, which means annual analysis is not neces-
sary. For a better understanding, the SOC and Ntot are of outstanding

Table 6
Number of years that passed after achieving a statistically significant difference
(p < 0.05) in the same treatment for different soil quality parameters in the
crop-pasture rotation (CPR) experiment in La Estanzuela, Uruguay.

No. of Years CA0 CA+ CASoy 33%Past 50%Lot 50%Past 66%Past

Repeated measures
SOC 6 8 7 – 2 5 2
Ntot – – 2 2 – 3 –
K – – NA NA NA 2 NA
pH 9 2 2 10 5 2 2
Staggered start
SOC 27 44 29 – – – 31
Ntot 23 9 9 3 2 4 2
K – 32 44 43 – 33 33
pH 5 45 – 45 10 – 5

(- : no significant changes observed; NA: K was not measured in TRT 3,4,6,7;
CA0: continuous agriculture without fertilizer input, CA+: continuous agri-
culture with fertilizer input, CASoy: continuous agriculture with soybean em-
phasis, 33%Past: CPR with 2 years of crops preceded by 1 year of pasture, 50%
Lot: CPR with 3 years of crops preceded by 3 years of Lotus, 50%Past: CPR with
3 years of crops preceded by 3 years of pasture, 66%Past: CPR with 2 years of
crops preceded by 4 years of pasture).

Table 7
Polynomial regression parameters and coefficient of determination (R²) for each cropping system and chemical soil quality parameter at the crop-pasture rotation
(CPR) experiment in La Estanzuela, Uruguay.

TRT CA0 CA+ CASoy 33%Past 50%Lot 50%Past 66%Past

SOC Intercept at 20 g kg−1

x² 8.00E-05 0.0001 3.00E-05 0.0001 −5.00E-05 −0.0003 2.00E-04
Slope −0.0226 −0.0169 −0.009 −0.0058 0.007 0.0165 −0.0052
R2 0.9453 0.8712 0.748 0.0255 0.1057 −0.306 0.4452
Ntot Intercept at 1.9 g kg−1

x² 5.00E-05 5.00E-05 3.00E-05 4.00E-05 3.00E-05 6.00E-06 5.00E-05
Slope −0.0038 −0.003 −0.0021 −0.0013 −0.0006 0.0004 −0.0016
R2 0.7513 0.7206 0.6052 0.5383 0.5393 0.1521 0.6135
K Intercept at 0.9 cmol kg−1

x² 4.00E-05 6.00E-05 −3.00E-05 −8.00E-05 5.00E-07 −4.00E-05 −6.00E-06
Slope −0.006 −0.0089 −0.0036 0.0014 −0.0036 0.0006 0.0009
R² 0.6557 0.7806 0.4057 0.216 0.055 0.1025 0.0059
pH Intercept at 5.7
x² 5.00E-06 −0.0002 −0.0001 −1.00E-04 −0.0002 −5.00E-05 −0.0002
Slope 0.0138 0.013 0.009 0.0054 0.009 0.0041 0.0088
R² 0.7355 0.1479 0.2002 −0.016 0.2627 0.0211 0.0215

(CA0: continuous agriculture without fertilizer input, CA+: continuous agriculture with fertilizer input, CASoy: continuous agriculture with soybean emphasis, 33%
Past: CPR with 2 years of crops preceded by 1 year of pasture, 50%Lot: CPR with 3 years of crops preceded by 3 years of Lotus, 50%Past: CPR with 3 years of crops
preceded by 3 years of pasture, 66%Past: CPR with 2 years of crops preceded by 4 years of pasture).
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importance for sustainability analysis in long-term soil fertility studies.
The assessment of data coming from an LTE of this dimension also

revealed possible limitations and points of discussion regarding the
interpretation of results. However, we are aware of possible error
sources that might have occurred since the beginning of the experi-
ment, and we have used a very reliable statistical model and experi-
mental design that has allowed us to analyze cumulative treatment
effects, and not just treatment trends and tendencies over time.

Crop-pasture rotations showed higher SOC and Ntot concentrations
and had higher crop yields under conventional and no-till farming. The
adoption of no-till farming altered the soil-plant equilibrium, as soil
sampling was affected by organic material from the surface mulch layer
of the crop and pasture residues leading to "noisy" curves. In the past,
conventional tillage led to topsoil mixture and higher homogenization
of the soil sampling layer, thus soil sampling strategy and frequency
might get even more important in no-till systems. Cropping systems
with pasture integration can sustain soil quality and productivity in the
long term. These results highlight the key role of grass-legume mixed
pastures as critical and strategic components in Uruguayan cropping
systems in terms of diversification, soil conservation and environmental
sustainability.
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SOC (g kg−1) Ntot (g kg−1) K (cmol kg−1) pH

R² PRE: OBS PRE: STAG PRE: OBS PRE: STAG PRE: OBS PRE: STAG PRE: OBS PRE: STAG

CA0 0.95 0.93 0.69 0.70 0.75 0.67 0.72 0.74
CA+ 0.82 0.86 0.44 0.48 0.86 0.77 0.29 0.26
CASoy 0.79 0.71 0.57 0.28 0.69 0.46 0.66 0.65
33%Past 0.33 0.33 0.11 0.10 0.71 0.38 0.18 0.13
50%Lot 0.50 0.46 0.47 0.20 0.38 0.26 0.43 0.51
50%Past 0.42 0.34 0.24 0.08 0.57 0.49 0.36 0.29
66%Past 0.71 0.71 0.68 0.56 0.36 0.21 0.43 0.42

(PRE: predicted LSD mean, OBS: observed yearly mean, STAG: mean after matching of cropping sequence, CA0: continuous agriculture without fertilizer input, CA+:
continuous agriculture with fertilizer input, CASoy: continuous agriculture with soybean emphasis, 33%Past: CPR with 2 years of crops preceded by 1 year of pasture,
50%Lot: CPR with 3 years of crops preceded by 3 years of Lotus, 50%Past: CPR with 3 years of crops preceded by 3 years of pasture, 66%Past: CPR with 2 years of
crops preceded by 4 years of pasture).
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