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Abstract

Pasture-based livestock systems are often regarded as restorative for soil fertility.
However, this study hypothesizes that the intensification of dairy farming leads

to spatial and vertical imbalances in soil nutrient distribution, undermining this
assumption. We assessed macronutrients, micronutrients, and chemical indicators

in 240 soil samples from 17 dairy farms across the Argentine Pampas, comparing
reference soils, grazed pastures, feeding pens, and adjacent croplands at three
depths (0-20, 20-40, and 40-60 cm). Results revealed substantial nutrient depletion
in grazed pastures and croplands, especially for phosphorus (—48% to —82%),
potassium (—24% to —43%), and zinc (—67% to —74%), with deeper layers most
affected. In contrast, feeding pens exhibited strong surface nutrient accumulation. A
marked gradient of nutrient decline was detected with distance from milking barns.
These findings challenge the prevailing assumption of pasture-driven soil restoration
and highlight the environmental risks of unmanaged nutrient accumulation. Our
results underscore the need for targeted nutrient redistribution strategies and call
for a reevaluation of current paradigms regarding pasture-based sustainability in
livestock systems.

Keywords Soil nutrient, Organic matter, Nitrogen, Phosphorus, Potassium, Zinc, Dairy
grazing systems

1 Introduction

The efficient management of nutrients in animal agriculture has become a critical chal-
lenge [1]. In the context of dairy production, it is evident that nutrient flows on indi-
vidual farms reach significant magnitudes, raising concerns both regarding productive
efficiency and environmental impact [2-4]. The dairy production system poses par-
ticular challenges in efficiently capturing nutrients in exported products, resulting in a
nutritional surplus on farms [5, 6]. These surpluses, exacerbated by farm intensification
and increased livestock rates, not only lead to nutrient accumulations in the soil beyond
agronomic needs but also heighten the risk of environmental losses, such as surface run-
off of phosphorus (P) [7, 8].
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A number of modelling studies focused on pasture-based dairy farms in the Pampas
have found notable variations in nitrogen (N) and P farm-gate balances, reflecting the
diversity and complexity of local agricultural practices [9-11]. Despite the significance
of these nutrient flows, there is limited understanding of the resulting concentrations
and distribution patterns of these nutrients within pasture-based dairy farms. Studies in
the Pampas on manure application are often limited to short timeframes (e.g., one year),
showing increases in surface soil phosphorus [12-15], but providing little information
on long-term effects or changes in deeper soil layers. Other nutrients, such as cations
and micronutrients, have also remained unexplored. Micronutrients like copper (Cu)
and zinc (Zn) are essential requirements for plants and animals, playing a crucial role in
livestock diets as they may cause malfunctions due to either deficiency or toxicity [16].

Pasture-based livestock systems worldwide commonly exhibit spatial nutrient imbal-
ances, with nutrient depletion in grazed areas coexisting with localized nutrient accu-
mulation in animal congregation sites. Studies from mixed-farming regions in China
have documented simultaneous nutrient deficits in productive paddocks and surpluses
near housing or feeding points [17]. Similarly, intensively grazed systems in Europe fre-
quently show strong vertical stratification of nutrients—particularly P, K and micronu-
trients—reflecting limited biological cycling at depth and uneven manure redistribution
[18]. Evidence from South America reinforces this pattern: in Brazilian pastures, man-
agement intensity often overrides pasture age in determining soil nutrient status [19].
Micronutrient decline, especially of Zn, has also been reported in African agroecosys-
tems under unbalanced fertilization practices [20]. Together, these findings suggest that
subsoil nutrient depletion and spatial heterogeneity are widespread challenges in pas-
ture-based systems. Understanding how dairy intensification influences these patterns
in the Argentine Pampas is therefore essential for developing strategies to improve nutri-
ent cycling and long-term soil fertility. These behavioral patterns generate strong spatial
gradients, with nutrient accumulation in congregation points and nutrient depletion
in distant paddocks [16, 21, 22]. Nutrient cycling in dairy pastures also differs funda-
mentally from that in croplands: while annual cropping systems remove large quantities
of nutrients through harvested biomass, grazing systems return a substantial fraction
of nutrients via excreta, but this return is spatially heterogeneous and rarely coincides
with plant uptake [23, 24]. Under cattle grazing, soil mineral N and other nutrient pools
show greater spatial variability (higher coefficients of variation or patchiness) com-
pared to mowing or ungrazed controls [25]. However, to date, no peer-reviewed study
in the Pampas region (or similar temperate dairy-pasture settings in South America) has
explicitly quantified both spatial heterogeneity across a paddock and vertical nutrient
gradients throughout the soil profile.

95% of Argentine dairy farms are situated within the Pampas region [26]. In 1960,
milk production relied solely on grazing, but subsequent years witnessed a growing
trend of supplementation with concentrate [27, 28]. Notably, the average milk produc-
tivity of dairy farms in the region has seen a substantial increase over the last 40 years,
rising from approximately 1230 to the current level of around 7600 L per hectare per
year [29, 30]. Current dairies are predominantly pasture based with cows grazing year-
round annual and perennial forages in a non-irrigated system. A 5-yr crop rotation is
commonly adopted [26]. This rotation consists of 3 year of pasture (typically alfalfa
mixed pasture, see below for more details) followed by two years of a sequence of maize
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(silage, Zea mays) in summer and annual forages (annual ryegrass Lolium multiflorum,
oat Avena sativa) in winter. The Pampas dairy production is undergoing a process of
intensification [31]. Among the significant changes witnessed are an increase in animal
stocking rates, a higher proportion of concentrate in cattle diets, and the replacement of
perennial pastures with annual crops [29]. In this study, we hypothesize that the inten-
sification of pasture-based dairy farming leads to spatially and vertically uneven soil
nutrient distributions. We propose that this nutrient redistribution results in localized
depletion zones that may limit crop productivity, alongside accumulation hotspots that
pose environmental risks. To test this hypothesis, we present findings from a compre-
hensive analysis spanning multiple dairy farms in the Pampas, evaluating soil concentra-
tions of various nutrients and exploring their implications in agricultural management
practices. Our objectives were to evaluate the spatial variability of soil fertility across
different land uses (cropland, grazed pasture, and feed pens) and to compare these with
undisturbed reference soils to assess the effects of dairy farming on nutrient distribution
and soil fertility status. Additionally, we aimed to characterize vertical nutrient gradients
across soil depths to assess whether dairy farming intensification leads to subsoil nutri-
ent depletion.

2 Materials and methods

2.1 Study area

The Pampas is vast a region of prairies covering 60 million hectares, representing
approximately 22% of Argentina’s total land area. Geographically located in the central
east of Argentina, between 28°S and 40°S and 68°W and 57°W, the Pampas is bounded
by the La Plata and Uruguay rivers and the Atlantic Ocean to the east, and by the arid
Cuyo eco-region to the west (see Fig. 1). The region experiences a mean annual tem-
perature ranging from 19 °C in the north to 12 °C in the south, with mean annual rain-
fall varying from 500 mm in the west to 1100 mm in the east [32, 33]. The soils in this
area have developed over eolian-loessic sediments derived mainly from glacial out-
wash plains and proglacial lake deposits of northern Patagonia. During the Pleistocene,
strong southwesterly winds transported these fine particles across the region, resulting
in a southwest—northeast gradient of increasingly fine-textured loess that mirrors the
regional climatic gradient. This has resulted in a progressive increase in the proportion
of fine-textured soils from the southwest to the northeast, correlating with the men-
tioned climatic gradient [34]. The predominant Soil Taxonomy order, according to the
USDA [35], is Mollisols [36].

2.2 Soil sampling

A survey was planned to obtain soil samples from farms in the three main dairy basins of
the Pampas Region: Central, West and East (Fig. 1). This survey was conducted through
interviews with dairy farmers and advisors associated with CREA (Spanish acronym for
Regional Consortia of Experimental Agriculture) non-profit association of farmers in
Argentina. Based on these interviews, four sampling situations were identified to com-
pare the effect of management practices on dairy farm soils: (i) Reference soils, typically
inactive areas such as farm parks with native or naturalized grasses (Cynodon dactylon,
Poa ligularis, Bromus Brevis, Festuca sp. Stipa sp. and Piptochaetum sp.), used as a proxy
for the original undisturbed soil condition and serving as a space-for-time substitution
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Fig. 1 Geographic location of the dairy farms in the farms in the trhee main dairy basins of the Pampas Region:
Central, West and East. In “triangles” the dairy farms in which soils were sampled at three depths—soil profile
sampling (n=13), with “stars”the dairy farms in which soils were sampled at different distance to the milking barn
- transect sampling (n=4)
[37](ii) dairy pastures paddocks, under grazing, with samples taken from pastures
of different ages (new and old pastures); iii) feeding pens (animal holding or confine-
ment areas) covered approximately 1-2 ha in each farm, although their exact shape
and dimensions varied among establishments.; and iv) cropland, plots from a neigh-
boring grain cropping area outside the dairy area or grazing platform. This category
refers exclusively to external agricultural fields and does not include the annual forage
crops that form part of the pasture—forage rotation within the dairy farms. The distance
between reference soils and the agricultural fields varied depending on farm size. In
most cases, dairy pastures were located approximately 300-500 m from the reference
areas, although in a few large farms this distance reached up to ~ 3 km (see Fig. 5 in the
Results section). Cropland plots were typically positioned 500-1000 m from the refer-
ence soils, with maximum distances of about 3 km in the largest farms. All the sampled
soil, including the reference soils, were all Mollisols from the same soil series and located
at the same topographic elevation. The reference soils have been shown to effectively
represent the native soils, as demonstrated in Berhongaray, Alvarez [38]. Samples in
cropland plots were taken in neighboring farms, where the typical crop rotation consists
of soybean (Glycine max), maize, and wheat (Triticum aestivum), with soybean being the
predominant crop. Agricultural systems in these croplands are relatively homogeneous
and characterized by highly mechanized no-tillage practices [39]. Fertilization rates in
croplands are generally low, averaging between 36 and 50 kg N ha™ and 8 to 10 kg P
ha™!, with little to no application of other nutrients [40].

Between August and September 2018, 17 farms were sampled across the three main
dairy basins of the Pampas (Fig. 1). For reference sites, feeding pens, and croplands
plots, one site per farm was sampled. In contrast, soils under grazing paddocks were
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sampled for at least two types of pastures: (i) recently established (new pastures after
annual crops) and (ii) three or more years of establishment (old pastures). These pas-
tures consisted of alfalfa (Medicago sativa) as main forage, mixed with perennial grasses
such as fescue (Festuca arundinacea) and ryegrass (Lolium perenne), and were consid-
ered part of the normal forage rotation of the dairy farm. These mixed pastures rotated
followed by two years of maize (silage) and annual winter crops. Permanent pastures or
those of long duration, such as Agropyron sp., were not included in this category because
these areas are generally considered less suitable for annual crop production due to their
lower soil quality and are therefore not typically incorporated into the farm’s crop rota-
tion. The feeding pens represent livestock enclosures, feeders, and resting areas, where
animals spend a few hours a day consuming supplements such as corn silage or concen-
trated rations. These areas receive high concentrations of animals and excreta and are
rarely cultivated. Cropland plots represented the typical history and mode of agriculture
in the subregion, maintaining the usual rotation of annual crops such as wheat, soybean,
corn and sunflower. Park areas in each farm were considered the least disturbed and
were therefore used as reference sites; according to the owners or managers’ memory,
they had never been cultivated or used as pens, ensuring the absence of tillage orfer-
tilization for at least the last 70 years. Sampling locations in the parks were chosen far
from buildings and roads.

Two types of sampling were carried out, one to describe the vertical distribution of
nutrients, and another to describe the spatial distribution. In 13 dairy farms, samples
were taken at three different depths (Fig. 2), in order to depict the vertical distribution
of nutrients. For this purpose, the four representative situations of land use types were
chosen, taking 2 sites with pastures, one recently sown and another of 3—4 years-old,
completing a total of 5 sites per farm. For each land use (reference soil, new pasture,
old pasture, feeding pen, and cropland), we collected one composite sample per depth
stratum (0—20, 20—40, and 40—60 cm). This resulted in three composite samples per land
use per farm, and 15 composite samples per farm across the five land uses. However,

. . Cropland
A Soil profile 6 ¢ Transect
Reference soil

Feeding pen

Pasture paddock

Milking barn

Feeding pen

Pasture paddock

Fig. 2 Diagram of a typical dairy farm and sampling locations. In “triangles” the dairy farms in which soils were
sampled at three depths—soil profile sampling, with “stars”the dairy farms in which soils were sampled at different
distance to the milking barn—transect sampling
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for different problems, not all the depths were sampled in all the farms. In the remain-
ing 4 farms, samples were taken only in the topsoil layer (0-20 cm), and the number of
pasture plots sampled was increased in order to augment the number of cases, main-
taining sampling in reference soils, feeding pens and croplands. Sampling transects were
conducted from the milking parlor or dairy to the farthest plot in order to describe the
spatial distribution of nutrients. All sampling sites across all dairy farms were georefer-
enced using a handheld GPS device. Soil samples were collected following a compos-
ite sampling method to ensure representativeness. Around the GPS-marked point, six
subsamples were taken and combined to form a composite sample for each plot. This
approach accounted for potential within-plot variability. The samples were collected
using a stainless-steel soil probe (SR20, Tornomar, Argentina), which allows for precise
depth sampling, ensuring uniformity in the collected samples. In total, 240 samples were
taken and were sent immediately to the laboratory for subsequent analysis.

The chemical determinations included: soil organic matter (SOM; Walkley and Black),
pH (1:2.5, soil: water), electrical conductivity (EC; 1:2.5, soil: water), cation exchange
capacity (CEC; 1 N ammonium acetate, Titration), total nitrogen (N; Kjeldahl), extract-
able phosphorus (P; Bray and Kurtz I), sulfate sulfur (S-SO4; turbidimetry), exchangeable
bases (Ca, Mg, K, Na; 1 N ammonium acetate, reading with atomic absorption/emission
spectrophotometer), copper (Cu), and zinc (Zn; DTPA extraction - reading with atomic
absorption spectrophotometer). All determinations were performed according to stan-
dard protocols [41]. In general, relatively stable nutrient fractions were selected to assess
soil nutrient changes. For example, total nitrogen was analyzed as an indicator of soil
nitrogen content due to its greater stability compared to inorganic nitrogen forms, which
are highly variable over short timeframes [42, 43]. Inorganic nitrogen concentrations can
fluctuate significantly depending on factors such as crop uptake rates, seasonal condi-
tions, temperature, and rainfall [43]. Soil texture was obtained from the digital database
of Argentinean soils for the georeferenced sites [44]. Average nutrient content in Refer-
ence soils are presented in (Table 1).

Table 1 Data on various soil properties at different depths (0-20 cm, 20-40 cm, and 40-60 cm) in
the reference soils of the study area
Soil depth (cm)

Soil property 0-20 20-40 40-60
SOM (g/kg) 452 +3.1 279+33 171433
CEC (Meqg/100 g) 182+13 169+18 15.5

+15
EC (dS/m) 023 +0.05 0.20+£0.06 028 +0.09
pH 6.04+0.15 6.63+0.15 7.29+0.32
N (%) 234+0.15 137+0.15 1.05 0.1
P (ppm) 123428 116 £35 99 +40
S-S04 (ppm) 127 +24 121 +3.1 148+44
K{ppm) 833+152 858 +140 1042 £141
Mg (ppm) 268 +17 282419 370+35
Ca (ppm) 1655 +180 1404 +149 1243 +137
Na (ppm) 140 +£32 256 +98 487 +157
Zn (ppm) 725+13 423+13 241 +09
Cu (ppm) 1514023 134+0.19 1.19+0.21

Soil properties include soil organic matter (SOM), cation exchange capacity (CEC), electrical conductivity (EC), pH, nitrogen
(N), phosphorus (P), sulfur (5-SO4), potassium (K), magnesium (Mg), calcium (Ca), sodium (Na), zinc (Zn), and cupper (Cu).
Values are presented as averages with their corresponding standard deviations
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2.3 Statistical analysis

Prior to analysis, all variables were tested for normality using the modified Shapiro-Wilk
test. Variables that violated the assumption of normality were transformed using either
base-10 or natural logarithms until the normality assumption was satisfied (see SM 2).
Results are reported using the original untransformed values, but the significance levels
correspond to the transformed variables.

Data were analyzed using mixed-effects models implemented in SAS software. Land
use (reference, pasture, feeding pen, cropland) was treated as a fixed effect, and farm was
included as a random effect nested within region. Farm was considered the experimental
unit, as only one composite sample per land use and depth stratum was collected within
each farm. Thus, no within-farm replication was included in the model. More complex
models additionally included climate and soil variables as covariates (p=0.01) if they
exhibited significant effects. To account for potential differences across soil depths, lin-
ear depth effects were nested within the treatment factor and modeled as fixed effects.
Separate models were fit for each soil depth (0-20 cm, 20-40 cm, 40—60 cm) to test for
differences in nutrient concentrations among land use treatments at each depth incre-
ment using analysis of variance (ANOVA). In these ANOVAs, treatment was the pri-
mary fixed effect of interest. When significant treatment effects were detected, pairwise
comparisons among all land uses were performed using Tukey’s HSD post-hoc test. All
analyses were conducted on absolute nutrient concentrations. Percent differences rela-
tive to the reference soil were used only for visualization in Figs. 3 and 4, not for statisti-
cal testing. Associations among variables were explored using regression and correlation
analyses. Partial correlation coefficients were computed to describe the strength of
linear relationships between pairs of variables after accounting for land use treatment
and other fixed effects in the mixed models. The significance of correlations was evalu-
ated using F-tests at « =0.05. This approach using mixed-effects models allowed for the
simultaneous consideration of fixed effects (land use, depth) and random effects (farm
within region) on soil nutrient levels. Transformation of non-normal variables and the
use of partial correlations adjusted for potential confounding by model factors (Table 1).

3 Results

Feeding pens showed the highest nutrient concentrations for most chemical properties
(Fig. 3), reflecting strong nutrient accumulation. Pasture and cropland soils exhibited
significant reductions for all chemical properties relative to the reference soils. Changes
were most pronounced in the topsoil layer (0-20 c¢cm), where pastures and croplands
showed decreases in organic matter, CEC, N, P, K, Mg, Ca, Zn and Cu, while feeding
pens exhibited increases in pH, S, K, Mg and Na (Fig. 3).

Although nutrient reductions in pasture and cropland soils were less pronounced in
absolute terms in deeper layers, these changes were proportionally greater. Subsurface
layers (i.e. 2040 and 40—60 cm) exhibited substantial decreases in P, Zn, and K. A con-
sistent decreasing pattern for these nutrients was observed across all soil depths, with
the greatest percentage reductions generally occurring in the deeper layers. Phospho-
rus content in new pasture paddocks decreased by 48.5% in the surface layer (0-20 cm),
73.2% at 20—-40 cm, and 82.0% at 40—60 cm compared to reference soils. A similar trend
was observed for potassium, with reductions of 23.5%, 37.9%, and 43.0% at the respec-
tive depths. Zinc levels showed a slightly different pattern, with the largest reduction
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Fig. 3 Percent change in soil properties relative to undisturbed reference soils as affected by croplands, dairy pas-
ture and feeding pens. Pasture paddocks in dairy farms (dashed line in subfigures a, b and c), Feeding pens in dairy
farms (dashed line and dot in subfigures d, e and f), and Cropland soils (dotted line in subfigures a, b and c) relative
to Reference soil (solid line in subfigures a—f) at various soil depths (0-20, 20-40, and 40-60 cm). Gray lines denote
20% changes, with inward shifts representing negative changes and outward shifts indicating positive changes.
Each line represents the average of 13 farms. Data from new and old pastures were pooled as no significant differ-
ences were found. Comparisons were made with the Reference soil, statistically significant changes are denoted
by asterisks: *p <0.05, **p <0.01

occurring in the 20—40 cm layer (73.5%), followed by the surface (67.2%) and the deepest
layer (66.8%).

No significant differences were observed between the dairy pasture soils (new and old
pastures) and cropland soils at any depth. Likewise, the age of the pastures had a neg-
ligible effect on most soil properties, except for a decrease in extractable P levels from
50 ppm to 28 ppm in the older pastures. Consequently, the pasture soils were grouped
together in Fig. 3, regardless of their age. In feeding pens, nutrient increases were higher
in the surface layer, with small changes in deeper layers.

In general terms, the greatest changes occurred in SOM, P, K and Zn (Fig. 3) and the
change in the contents of these chemical properties were associated with the clay +silt
content of the soils (Fig. 4). Although the absolute contents of these nutrients were
higher in fine-textured soils (higher clay +silt), their relative changes (i.e., proportional
decreases) were also larger. In other words, nutrient concentrations decreased more
sharply in clay- and silt-rich soils, resulting in greater relative changes despite their
higher initial nutrient levels.

A pattern of nutrient levels based on the distance from the paddock to the milking
parlor or milking area was identified (Fig. 5). The levels of SOM, P, K, Cu, and Zn in the
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Fig. 4 Relative changes (4) in Soil Organic Matter (OM), Extractable Phosphorus (P), Exchangeable Potassium (K),
and Extractable Zinc (Zn) in the surface soil layers (0-20 cm) of dairy farms and their relationship with clay +silt
content. Soils under dairy pasture (gray circles, n=38), soil under dairy feeding pens (crosses, n=17), and soils
under croplands (white triangles, n=16). Lines represent the linear regression between clay +silt content (%) and
changes in SOM, P, K'and Zn in the dairy pasture and croplands soils. No differences we observed between dairy
pasture and croplands soils. Regression under dairy feeding pens were not significant and were not plotted. Equa-
tions: ASOM = —0.0205*(clay + silt %) +0.072; AP = —1.38*(clay +silt %) +26.7; AK = =9.65%(clay + silt %) +314; AZn
=-0.12*(clay +silt %) +2.13

pasture paddock soils decreased with the distance to the milking parlor, while no trends

were found for other soil nutrients or properties.

4 Discussion

In contrast to the global trend of nutrient accumulation in dairy farm soils [45, 46],
our study found an reverse trend in nutrient levels in Argentine dairy farms, resem-
bling those observed in croplands. The substantial reductions in P, K and Zn observed
in subsurface layers (20—40 cm and 40-60 cm) highlight the extent of nutrient deple-
tion beyond the surface soil. The decrease in phosphorus content, reaching up to 82%
in new pasture paddocks compared to reference soils, suggests that nutrient movement
down the profile [47] or extraction by deeper roots may have contributed to this pat-
tern. Similar findings have been reported in intensively managed pasture systems, where
phosphorus depletion in deeper layers was linked to high crop demand and insufficient
replenishment of nutrients [48]. Potassium showed a comparable trend, with reductions
of 43% in the deepest layer. This pattern is consistent with potassium’s relatively high
mobility in the soil, particularly in coarse-textured soils where leaching is more pro-
nounced [49]. The notable decline in zinc in the subsurface layers (up to 73.5%) is most
likely explained by root uptake, which is widely recognized as the dominant pathway
of Zn depletion in soils due to its strong sorption and limited downward mobility [50].
Previous studies have reported that zinc deficiencies in pasture systems can emerge as
a result of progressive depletion in deeper soil layers [50]. These results highlight the
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Fig. 5 Soil Organic Matter (SOM), Extractable Phosphorus (P), Exchangeable Potassium (K), and Extractable Zinc
(Zn) in the surface soil layers (0-20 cm) of pasture paddoks of dairy farms and their relationship with the dis-
tance from the milking barn (m). Different symbols represent different dairy farms, and identical symbols denote
soils from the same farm. Lines represent the linear regression between distance to the milking barn and OM, P,
K and Zn content in the dairy pastures. Equations: MO (%) =3.27-0.00039*Distance +0.000000005*Distance?; P
(ppm)=71.3-0.0497*Distance +0.0000101 *Distance’ Zn (ppm)=2.9 -0.00137*Distance 4+ 0.000000205* Distance?
importance of considering nutrient dynamics beyond the topsoil when assessing soil fer-
tility in dairy production systems. While nutrient management strategies often focus on
surface layers, the substantial declines observed at deeper depths suggest that nutrient
replenishment programs may also need to address subsoil fertility, particularly in grazed
systems. However, this pattern may change with the increasing intensification of dairy
farming in Argentina, because dairy intensification typically involves greater external
nutrient inputs (e.g., concentrates), which can increase nutrient surpluses rather than
exacerbate subsoil depletion. Examining nutrient balances and fluxes will be crucial in
understanding and predicting future shifts in soil nutrient content, which is essential for
developing sustainable dairy farming practices [51, 52].

Beyond physicochemical processes alone, biological controls on nutrient cycling may
also contribute to the depletion patterns observed at depth. In the Argentine Pampas,
land-use intensification and fertilization have been shown to modify the soil microbi-
ome structure and metabolic potential compared to non-cultivated soils [53]. Microbial
biomass and activity tend to decline in agricultural soils compared with natural vegeta-
tion soils, including lower microbial biomass C and N, reduced respiration rates, and
altered fungi: bacteria ratios under cultivation [54]. Enzyme activities involved in carbon
and phosphorus cycling also respond negatively to intensive land use in pampean soils,
indicating diminished microbial functional capacity in disturbed systems [55]. However,
in virtually all these studies soil sampling was restricted to the upper soil layers (com-
monly 0-10 or 0-20 cm), and microbial indicators have rarely been measured beyond ~
20-30 cm depth, leaving a gap in knowledge regarding deeper horizons [56]. By contrast,
studies outside the Pampas have shown that agricultural intensification and long-term
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fertilization can alter microbial biomass, shift community composition, and reduce
enzymatic potential well into the subsoil (> 30-100 cm), suggesting that management
impacts are not confined to the topsoil [57, 58]. Given that in our study nutrient deple-
tion was marked in 20-60 cm strata, the lack of data on microbial dynamics at those
depths prevents ruling out reduced microbial turnover or altered microbial-mediated
nutrient cycling as contributing factors. Therefore, future assessments should incorpo-
rate microbiome analyses along the full soil profile (including subsoil) especially under
different dairy-intensification regimes, to clarify whether declines in nutrient availability
at depth are linked to diminished microbial biomass or activity.

Subsoil nutrient depletion may also have implications for forage nutritional quality. In
field crops, declines in soil P and micronutrients have been associated with reductions in
mineral concentrations in edible plant tissues, in some cases linked to long-term soil fer-
tility decline [59, 60]. Although we did not measure plant nutrient content, many peren-
nial pasture species in dairy systems are deep-rooted and therefore sensitive to nutrient
availability in subsoil horizons. Future research should assess whether the reductions in
P, K, and Zn observed at 20—60 cm translate into lower mineral accumulation in peren-
nial forages, which would have direct consequences for both pasture productivity and
animal nutrition.

Phosphorus losses resulting from intensive animal agriculture significantly contrib-
ute to the eutrophication of freshwater ecosystems [61]. Beyond its detrimental impact
on natural freshwater systems, P is a finite resource, and excessive fertilization can be
viewed as an inefficient utilization of limited natural resources [62]. Although concen-
trations remain above agronomic critical thresholds (between 15 and 25 ppm P for
crops such as corn and alfalfa [63]), the relative depletion compared to reference soils is
substantial (from 122 ppm to 47 ppm) and suggests progressive exhaustion of legacy P
pools. The declines in P levels were significant down to 60 cm depth. It is important to
distinguish between within-paddock nutrient dynamics, where we observed P depletion,
and the whole-farm nutrient balance typically reported for dairy systems. Several studies
show positive P balances at the whole-farm scal (10 to 15 kg ha™ ! year™ !; [64, 65]), but
this does not imply uniform accumulation across the landscape. Consistent with this,
soil sampled from feeding pens exhibited substantially higher P concentrations (Fig. 4),
indicating localized nutrient accumulation. These high-P areas may indeed pose a risk of
P runoff or transfer to adjacent environments, even if surrounding paddocks experience
net depletion.

In fine-textured soils) the nutrient contents were higher and the changes in nutrient
concentration as compared with the reference soil were also higher. These differences
have also been previously observed in agricultural soils from the Pampas region [66, 67]
where significant nutrient decreases occurred in nutrient-rich soils, where crops export
in grain is higher. The possible underlying mechanism of higher nutrient losses in fer-
tile areas, with fine-textured soils, is that robust plant growth leads to greater nutrient
uptake, resulting in higher potential nutrient losses through harvest.

In the Pampas, it is commonly thought that pastures help restore soil fertility [68],
although our results show that neither when compared to cropland soils, nor when com-
paring newly established pastures to those 3 or 4 years old, did we observe any benefi-
cial effects of the pastures. A global meta-analysis of grazing impacts on soil nutrients
also show that across all studies and grazing intensities, continuous grazing significantly
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reduced SOM and N soil content compared with no grazing [69]. This review and our
results challenge the prevailing paradigm, as we not only found no improvements, but
quite the opposite - a decrease in P levels in older pastures. This could be associated with
the common practice of initially fertilizing pastures with P fertilizers (20-40 kg P ha™*
but not re-applying P thereafter, moreover, annual forage crops previous to the pasture
are fertilized at least twice a year (one in the winter grass and another in the summer
silage crop) with P fertilizers rates of 20 to 40 kg P ha™! each application [70]. Alfalfa is
an extremely phosphorus-extractive crop [71], with a productive alfalfa stand extracting
22% more phosphorus than corn [72] Therefore, if P is not replenished, levels will inevi-
tably decline over time under alfalfa pastures. Our findings challenge the paradigm that
pastures inherently improve soil fertility and highlight the importance of proper nutrient
management, especially P replenishment, to sustain long-term productivity of these sys-
tems. The restoration of soil fertility under pasture depends on various factors, including
crop selection, grazing management, fertilization, and the initial soil conditions. How-
ever, because grazing systems are inherently extractive, adequate nutrient replenishment
is the primary factor determining whether soil fertility can be maintained or restored.

Although a significant increase in heavy metals such as Cu and Zn has been observed
in different dairy farms around the world [73-76], the levels of micronutrients, as well
as bases, also experienced significant declines of around 20% to 40% in our study. Par-
ticularly, K and Mg exhibited notable accumulation in the feeding pens (Fig. 3). In con-
trast, Ca seems to follow a different trajectory, suggesting an exit from the system along
with the milk, as its presence is considerably lower in the feeding pens. According to
nutritional advisors Ca is normally under-supplemented to dairy cows (MTL, Personal
communication), reinforcing our results. Additionally, it was observed that the marked
decreases in Zn levels in the soil were not compensated by a higher concentration in the
paddocks (Figs. 3 and 4). Unlike in other countries where environmental issues related
to dairy farms are associated with excess nutrients such as P [7, 8], Cu, and Zn [74, 75],
in the Pampas region, these nutrients have decreased in content and could be limiting
plant production [77, 78]. Recent research demonstrate that fertilization practices in
Argentina are far from being sufficient to supply the crops nutrients demand and crops’
productivity is at the expense of soil nutrient depletion [40]. The accumulation in feed-
ing pens suggests that more efficient management of excreta could distribute nutrients
more evenly in the soil, although this solution would be partial, as the area occupied
by paddocks generally ranges from 5% to 10% of the total area [79]. So, a more holistic
approach is needed to replenish soil nutrients across the entire farm. This could involve
strategies, not only increases in nutrient additions, such as utilizing milking parlor efflu-
ent [13], implementing rotational grazing systems to distribute excreta more evenly [80],
and increasing the time cows spend grazing in paddocks to promote on-site nutrient
deposition [81, 82]. However, grazing-time extension or manure redistribution alone are
unlikely to fully compensate for the magnitude of nutrient export observed in these sys-
tems; additional nutrient inputs or effluent recycling would still be required to prevent
long-term deficits.

Higher accumulation of nutrient observed near the milking parlor can be explained by
cow behavior: animals spend proportionally more time in paddocks located at shorter
distances, returning more nutrients via dung and urine [81]. Conversely, when paddocks
are located farther away, cows spend more time walking and less time grazing, which
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reduces the amount of excreta deposited on pasture soils, consistent with observations
in other pastoral dairy systems [24]. This pattern highlights how animal movement influ-
ences nutrient redistribution at the farm scale.

this study also sheds light on environmental issues in the dairy farms of the Pampas.
The accumulation of nutrients in feeding pens creates a potential for runoff contamina-
tion in the event of rain [83], atmosphere pollution [84], as well as greenhouse gas emis-
sions [85], highlighting the need for proper management of this waste. Moreover, the
uneven distribution of nutrients can affect plant biodiversity and the ecosystem’s capac-
ity to provide essential services [86]. One potential limitation of this study is related to
the analytical techniques employed for determining the levels of various chemical ele-
ments in the soil samples. It is important to note that the methods used, such as Bray
and Kurtz I for extractable phosphorus and DTPA extraction for copper and zinc, only
measure a fraction of the total concentration present in the soil [87]. These extraction
methods are designed to quantify the plant-available or readily exchangeable portions
of nutrients, rather than their total content [88]. Consequently, the reported changes
in nutrient levels may not necessarily reflect changes in the absolute quantities or total
reserves, but rather shifts in the proportions that are extractable or bioavailable [89].
Future studies could consider employing additional techniques, such as total digestion
methods, to provide a more comprehensive assessment of nutrient dynamics, encom-
passing both the extractable and non-extractable fractions [90].

These results confirm our initial hypothesis: that the intensification of pasture-based
dairy farming leads to vertical and spatial nutrient imbalances, challenging the widely
held belief that pastures inherently restore soil fertility. Exploring the potential practi-
cal implications of our findings for farmers and the sustainability of dairy production, it
becomes evident that improvements in farming practices could enhance nutrient man-
agement. The observed accumulation of nutrients in feeding lots, coupled with a dis-
cernible decrease with increasing distance from the milking parlor, suggests a need for
improved nutrient distribution. Farmers may consider allowing animals more time in
pastures paddocks or utilizing machinery to evenly distribute excreta, thereby address-
ing the nutrient imbalances identified. These adjustments have the potential to optimize
nutrient utilization, promoting both productivity and environmental sustainability in
Argentinean dairy farming practices. This information could also be valuable for the
design of public policies regarding the local use of animal excreta, the development of
new grazing systems, or the financing of machinery purchases.

5 Conclusions

Our results demonstrate that the intensification of dairy farming in the Argentine Pam-
pas leads to significant spatial and vertical nutrient imbalances. Soils under grazed
pastures and croplands exhibited substantial declines in key macronutrients and micro-
nutrients—including phosphorus, potassium, and zinc—while feeding pens showed
strong surface accumulation, particularly of sodium and sulfur. The observed patterns
suggest that nutrient depletion in productive paddocks coexists with nutrient accumu-
lation in animal congregation areas, highlighting a disconnect between nutrient inputs
and their distribution across the landscape. This uneven distribution, driven in part by
animal behavior and management practices and fertilization, would undermine long-

term soil productivity and increases the risk of environmental losses.



Berhongaray and Palladino Discover Soil (2026) 3:2 Page 14 of 17

Our findings underscore the need for nutrient management strategies that go beyond
whole-farm balances and address within-farm variability. This study provides an evi-
dence-based foundation for designing sustainable nutrient management practices and
public policies tailored to livestock-dominated agroecosystems—especially in regions
such as the Argentine Pampas, where both empirical data and targeted regulations
remain limited. Overall, our results indicate that sustainability assessments based solely
on whole-farm nutrient balances can mask substantial within-farm heterogeneity, and
therefore should be complemented with spatially explicit soil monitoring.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1007/544378-025-00157-x.

[ Supplementary Material 1 ]

Acknowledgements

We express our gratitude to Fabricio Fontana and Santiago Farifa for their involvement in dairy farm surveys, as well as
Javier Baudracco for providing information related to the MIRAS project. Special thanks to Santiago Moro and Cecilia
Nasser Marzo for their con-tributions to soil sampling, and to Pablo Canada for valuable feedback during the study’s
development.

Author contributions

Conceptualization, methodology, formal analysis and investigation: Gonzalo Berhongaray; Writing - original draft
preparation: Gonzalo Berhongaray; Writing - review and editing: Gonzalo Berhongaray and Alejandro Palladino; Funding
acquisition and supervision: Alejandro Palladino.

Funding

This work was funded by Argentine Association of Regional Agricultural Experimentation Consortia (AACREA) and the
Association of Argentine Cooperatives (ACA) “Project crop rotations in dairy farms” (Proyecto Rotaciones en Tambo). Also
was funded by the National University of Litoral (CAI+ D Orientado 2016 Code 3-6).

Data availability
We declare that the data supporting the findings of this study are available within the paper. Should any raw data files be
needed in another format they are available from the corresponding author upon reasonable request.

Declarations

Competing interests
The authors declare no competing interests.

Received: 8 April 2025 / Accepted: 18 December 2025
Published online: 06 January 2026

References

1. Steinfeld H, et al. Livestock’s long shadow: environmental issues and options. Food & Agriculture Org; 2006.

2. Rotz C, Buckmaster D, Comerford J. A beef herd model for simulating feed intake, animal performance, and manure excre-
tion in farm systems. J Anim Sci. 2005;83(1):231-42.

3. Mihailescu E, et al. Nitrogen balance and use efficiency on twenty-one intensive grass-based dairy farms in the South of
Ireland. J Agricultural Sci. 2014;152(5):843-59.

4. Fangueiro D, et al. NPK farm-gate nutrient balances in dairy farms from Northwest Portugal. Eur J Agron.
2008;28(4):625-34.

5. Brouwer J, Powell J. Soil aspects of nutrient cycling in a manure application experiment in Niger. 1995.
VandeHaar MJ, St-Pierre N. Major advances in nutrition: relevance to the sustainability of the dairy industry. J Dairy Sci.
2006,89(4):1280-91.

7. Dougherty WJ, Gourley CJ. Improving phosphorus management in intensive Australian grazing systems. Nutrient man-
agement for the farm, catchment and community. Occasional Rep. 2014(27).

8. Dougherty WJ, et al. Relationship between phosphorus concentration in surface runoff and a novel soil phosphorus test
procedure (DGT) under simulated rainfall. Soil Res. 2011;49(6):523-8.

9. Herrero M, et al. Nitrogen use efficiency of fodder fertil-ized with manure of dairy cattle in the Pampas region, in Argen-
tina. RIA. 2017;43:1-9.

10.  Herrero M, et al. Efficiency of nitrogen use by fodder fertilized with the manure of dairy cattle in the Pampean region,
Argentina. 2017.

11. Herrero M, et al. Nitrogen and phosphorus balances and use indicators in dairy confinement and grazing systems (com-
munication). 2006.


https://doi.org/10.1007/s44378-025-00157-x

Berhongaray and Palladino Discover Soil (2026) 3:2

12. DiNasso LY. Evaluacion de efluentes de Tambo Como Abonos orgénicos Para Una Forrajera Invernal. Universidad Nacional
de La Pampa: UNLPam; 2019. p. 25.

13. Gambaudo S, et al. Uso de efluentes liquidos de Tambo Para mejorar La fertilidad Del Suelo y productividad de Los culti-
vos. Ciencia Del Suelo. 2014;32(2):197-208.

14. Sosa N, et al. Evaluacion de aplicacion de residuos sélidos de Tambo En cultivo de maiz. Planteos Ganaderos.
2016;22:54-8.

15.  Vankeirsbilck MI, Barraco M, Maekawa M. Propiedades quimicas de los suelos en lotes de establecimientos lecheros de la
cuenca oeste bonaerense in XXV Congreso Argentino de la Ciencia del Suelo, C. Cisneros, Editor. 2016, AACS: Rio Cuarto.

16. Whitehead DC. Nutrient elements in grassland: soil-plant-animal relationships. Cabi; 2000.

17. TanT, et al. Evaluating the nutrient and pollutant flows of the Chinese livestock manure management system from 1949
to 2050. Resour Conserv Recycl. 2025;215:108092.

18. Vertés F, et al. C-N-P uncoupling in grazed grasslands and environmental implications of management intensification.
Agroecosystem diversity. Elsevier; 2019. pp. 15-34.

19. Numata |, et al. Temporal nutrient variation in soil and vegetation of post-forest pastures as a function of soil order, pasture
age, and management, Ronddnia, Brazil. Agric Ecosyst Environ. 2007;118(1-4):159-72.

20.  Chianu JN, Chianu JN, Mairura F. Mineral fertilizers in the farming systems of sub-Saharan Africa. A review. Agron Sustain
Dev. 2012,32:545-66.

21, Haynes RJ, Williams PH. Nutrient cycling and soil fertility in the grazed pasture Ecosystem, in Advances in agronomy.
Academic; 1993. pp. 119-99. D.L. Sparks, Editor.

22. Moir JL, et al. The Spatial coverage of dairy cattle urine patches in an intensively grazed pasture system. J Agric Sci.
2010;149(4):473-85.

23. Rotz CA, et al. Whole-Farm perspectives of nutrient flows in grassland agriculture. Crop Sci. 2005;45(6):2139-59.

24, Gourley CJ, et al. Soil phosphorus, potassium and sulphur excesses, regularities and heterogeneity in grazing-based dairy
farms. Agric Ecosyst Environ. 2015;201:70-82.

25.  Bloor JMG, Tardif A, Pottier J. Spatial heterogeneity of vegetation structure, plant N pools and soil N content in relation to
grassland management. Agronomy. 2020;10(5):716.

26. Lazzarini B, et al. Milk production from dairy cows in argentina: current state and perspectives for the future. Appl Anim
Sci. 2019;35(4):426-32.

27. Viglizzo EF, et al. Ecological and environmental footprint of 50 years of agricultural expansion in Argentina. Glob Change
Biol. 2011;17(2):959-73.

28. Lazzarini B, et al. Evolucion de La suplementacion, El Consumo de pastura y La produccion de Leche En Sistemas Lecheros
de Argentina. Fave Seccion Ciencias Agrarias. 2014;13(2):0-0.

29. Gastaldi LB, Galetto AJ, Pace IR, Guerrero. Factors affecting exit intentions from dairy farming in the Pampas region of
Argentina. Economia Agrar Y Recursos Naturales-Agricultural Resource Econ. 2023;23(2):91-116.

30. Cominiello S. La revolucion Del ordefio: Cambios En El Proceso de Trabajo de La produccién primaria de Leche En Argen-
tina, 1980: 2007. Trab Soc. 2016;26:361-87.

31. Baudracco J, et al. Strategies to double milk production per farm in argentina: Investment, economics and risk analysis.
Agric Syst. 2022;197:103366.

32. Hall AJ, et al. Field crop systems of the Pampas. In: Ecosystems of the world. Exeter, UK: Elsevier; 1992. pp. 413-50.

33. Solbrig OT, Viglizzo EF. Sustainable farming in the Argentine Pampas: history, society, economy and ecology. DRCLAS,
Working papers for Latin America. 1999, Cambridge: Harvard University. 40.

34. Rubio G, Lavado RS, Pereyra FX. The soils of Argentina. Springer; 2018.

35. USDA, Soil taxonomy: a basic system of soil classification for making and interpreting soil surveys. 2nd edition. 2nd edition
ed. Agriculture Handbook, ed. S.S. Staff. 1999, Washington, USA.: US Government Printing Office. 436.

36. Alvarez R, Lavado RS. Climate, organic matter and clay content relationships in the Pampa and Chaco soils, Argentina.
Geoderma. 1998;83(1-2):127-41.

37. Yang RM, et al. A preliminary assessment of the space-for-time substitution method in soil carbon change prediction. Soil
Sci Soc Am J. 2022,86(2):423-34.

38. Berhongaray G, et al. Land use effects on soil carbon in the Argentine Pampas. Geoderma. 2013;192:97-110.

39. De Abelleyra D, Verén S. Crop rotations in the rolling pampas: characterization, spatial pattern and its potential controls.
Remote Sens Appl Soc Environ. 2020;18:100320.

40.  Koritschoner JJ, et al. Spatial patterns of nutrients balance of major crops in Argentina. Sci Total Environ. 2023,858:159863.

41, IRAM-SAGYP, Calidad ambiental-Calidad del suelo, in Listado de normas IRAM-SAGYP publicadas y en Estudio. 2023, IRAM-
SAGYP: https://www.magyp.gob.ar/sitio/areas/samla/normas/

42. Podlasek A, Koda E, Vaverkova MD. The variability of nitrogen forms in soils due to traditional and precision agriculture:
case studies in Poland. Int J Environ Res Public Health. 2021;18(2):465.

43, Bono A. Flujos de carbono y nitrégeno bajo distintos sistemas de labranza en la region semidrida pampeana. In: Facultad
de Agronomfa. 2010, Universidad de Buenos Aires: Buenos Aires. p. 96.

44. INTA. Infraestructura de Datos Espaciales de INTA. 2010 [cited 2018 march]; Available from: http://gecinta.inta.gov.ar

45. Chmelikova L, et al. Nitrogen-use efficiency of organic and conventional arable and dairy farming systems in Germany.
Nutr Cycl Agrosyst. 2021;119:337-54.

46.  Qian X-Y, et al. Application of dairy manure as fertilizer in dry land in East China: field monitoring and model estimation of
heavy metal accumulation in surface soil. Environ Sci Pollut Res. 2020,27:36913-9.

47. Bergstrom L, et al. Turnover and losses of phosphorus in Swedish agricultural soils: Long-term changes, leaching trends,
and mitigation measures. J Environ Qual. 2015;44(2):512-23.

48. McDowell R. A. <>Sharpley 2001 Phosphorus losses in subsurface flow before and after manure application to intensively
farmed land. Sci Total Environ 278 113-25.

49, Rosolem CA, Steiner F. Effects of soil texture and rates of K input on potassium balance in tropical soil. Eur J Soil Sci.
2017,68(5):658-66.

50. Alloway B. Zinc in soils and crop nutrition. 2008, Brussels, Belgium and Paris, France, 2008: IZA and IFA. 139.

51. Nevens F, et al. Farm gate nitrogen surpluses and nitrogen use efficiency of specialized dairy farms in flanders: evolution

and future goals. Agric Syst. 2006;88(2-3):142-55.

Page 15 of 17


https://www.magyp.gob.ar/sitio/areas/samla/normas/
http://geointa.inta.gov.ar

Berhongaray and Palladino Discover Soil (2026) 3:2

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.
68.
69.
70.
71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.
85.
86.
87.
88.

89.

Gourley CJ, et al. Farm-scale nitrogen, phosphorus, potassium and sulfur balances and use efficiencies on Australian dairy
farms. Anim Prod Sci. 2012;52(10):929-44.

Rascovan N, et al. The PAMPA datasets: a metagenomic survey of microbial communities in Argentinean Pampean soils.
Microbiome. 2013;1(1):21.

Ferndndez R, et al. Evaluacién de indicadores bioldgicos En Suelos de La regién semidrida Pampeana central. Ecol Austral.
2018,28(1):145-56.

Barbero FM, et al. Exploring organic matter, soil enzymes, and fungal communities under land-use intensification in the
Argentine Pampas. Agronomy. 2025;15(11):2469.

Carbonetto B, et al. Structure, composition and metagenomic profile of soil microbiomes associated to agricultural land
use and tillage systems in Argentine Pampas. PLoS One. 2014;9(6):299949.

Eilers KG, et al. Digging deeper to find unique microbial communities: the strong effect of depth on the structure of
bacterial and archaeal communities in soil. Soil Biol Biochem. 2012;50:58-65.

Philipp L, et al. Soil depth shapes the microbial response to land use and climate change in agroecosystems. Appl Soil
Ecol. 2025;209:106025.

Bhardwaj RL, et al. An alarming decline in the nutritional quality of foods: the biggest challenge for future generations'
health. Foods. 2024;13(6):877.

Davis DR, Epp MD, Riordan HD. Changes in USDA food composition data for 43 garden crops, 1950 to 1999. J Am Coll
Nutr. 2004;23(6):669-82.

EEA. Source apportionment of nitrogen and phosphorus inputs into the aquatic environment. Office for Official Publica-
tions of the Europe. Communities; 2005.

Cordell D, Drangert J-O, White S. The story of phosphorus: global food security and food for thought. Glob Environ
Change. 2009;19(2):292-305.

Garcia F, Ruffo M, Daverede |. Fertilizacion de pasturas y verdeos. Revision. Informaciones Agrondmicas del Cono Sur.
1999;1:15.

Varillas G. Diagndstico ambiental En predios lecheros: relacion Entre Los balances de nutrientes y Los procesos de intensi-
ficacion de Los Sistemas productivos. Facultad de Agronomia, Universidad de Buenos Aires; 2014.

Tieri M, et al. Analysis of different management strategies on environmental indicators in dairy farms of Argentina. 2016.
Alvarez R, et al. Cultivation affected the level of inorganic phosphorus more than the organic pool of the Pampas soils in
Argentina. Arch Agron Soil Sci. 2019;65(7):1022-33.

Alvarez R, et al. Land use affected nutrient mass with minor impact on stoichiometry ratios in Pampean soils. Nutr Cycl
Agrosyst. 2018;110:257-76.

Franzluebbers AJ, Martin G. Farming with forages can reconnect crop and livestock operations to enhance circularity and
foster ecosystem services. Grass Forage Sci. 2022,77(4):270-81.

Byrnes RC, et al. A global meta-analysis of grazing impacts on soil health indicators. J Environ Qual. 2018;47(4):758-65.
Berhongaray G. jAdonde van los nutrientes del tambo? In: Revista CREA. Buenos Aires, Argentina: AACREA; 2017. p. 50-8.
Hu'Y, et al. Effects of nitrogen and phosphorus limitation on the growth and phosphorus allocation of alfalfa (Medicago
sativa L). J Soil Sci Plant Nutr. 2024;24(1):343-53.

Ma H, et al. Maize/alfalfa intercropping enhances yield and phosphorus acquisition. Field Crops Res. 2023;303:109136.

Li J, et al. Heavy metal occurrence and risk assessment in dairy feeds and manures from the typical intensive dairy farms in
China. Environ Sci Pollut Res. 2019;26:6348-58.

Hristov A, Hazen W, Ellsworth J. Efficiency of use of imported magnesium, sulfur, copper, and zinc on Idaho dairy farms. J
Dairy Sci. 2007;90(6):3034-43.

Brock EH, Ketterings QM, McBride M. Copper and zinc accumulation in poultry and dairy manure-amended fields. Soil Sci.
2006;171(5):388-99.

Adhikari KP, et al. Assessing the relationship between common measures of soil cu and zn status and soil urease activity
of dairy-grazed pasture soils. Integrated nutrient and water management for sustainable farming (Eds LD Currie and R.
Singh). Occasional Report, 2016(29).

Sainz Rozas HR, et al. Relevamiento y determinacion de propiedades quimicas en suelos de aptitud agricola de la regién
pampeana, in Actas Simposio Fertilidad, FERTILIZAR, Editor. 2019, FERTILIZAR: Rosario. pp. 141-158.

Lavado RS, Taboada MA. The Argentinean Pampas a key region with a negative nutrient balance and soil degradation
needs better management and conservation programs to sustain its future viability as a world agroresource. J Soil Water
Conserv. 2009;64:A150-3.

Lara RC. Evaluacion productiva y econdmica de tambos de la cuenca Abasto Buenos Aires y simulacién estocéstica del
efecto de estrategias de intensificacion sobre la sustentabilidad econdmica y ambiental. 2020, Universidad Nacional del
Litoral. p. 149.

Rakkar MK, Blanco-Canqui H. Grazing of crop residues: impacts on soils and crop production. Agric Ecosyst Environ.
2018;258:71-90.

Oudshoorn FW, Kristensen T, Nadimi ES. Dairy cow defecation and urination frequency and spatial distribution in relation
to time-limited grazing. Livest Sci. 2008;113(1):62-73.

Pavlti K, et al. Effect of grazing intensity and dung on herbage and soil nutrients. 2019.

Matteson CT, et al. Nitrogen and phosphorus gradients from a working farm through wetlands to streams in the Georgia
Piedmont, USA. Wetlands. 2020;40:2139-49.

Emert AD, et al. Atmospheric transport of particulate matter and particulate-bound agrochemicals from beef cattle feed-
lots: human health implications for downwind agricultural communities. Sci Total Environ. 2023;894:164678.

Woodbury BL, et al. Greenhouse gas emissions from beef feedlot surface materials as affected by diet, moisture, tempera-
ture, and time. Trans ASABE. 2018;61(2):571-82.

Periuelas J, Sardans J. The global nitrogen-phosphorus imbalance. Science. 2022,375(6578):266-7.

van Raij B. Bioavailable tests: alternatives to standard soil extractions. Commun Soil Sci Plant Anal. 1998,29(11-14):1553-70.

Houba V, et al. Applicability of 0.01 M CaCl2 as a single extraction solution for the assessment of the nutrient status of soils
and other diagnostic purposes. Commun Soil Sci Plant Anal. 1990;21(19-20):2281-90.
Hazelton P, Murphy B. Interpreting soil test results: What do all the numbers mean? CSIRO publishing; 2016.

Page 16 of 17



Berhongaray and Palladino Discover Soil (2026) 3:2 Page 17 of 17

90. Jones JB Jr. Universal soil extractants: their composition and use. Commun Soil Sci Plant Anal. 1990;21(13-16):1091-101.

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



	﻿Uneven nutrient distribution in dairy farm soils: implications for environmental sustainability in the Argentine Pampas
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Study area
	﻿2.2﻿ ﻿Soil sampling
	﻿2.3﻿ ﻿Statistical analysis

	﻿3﻿ ﻿Results
	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusions
	﻿References


