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Overseeding legumes in natural grasslands coupled with phosphorous fertilization are management practices
oriented to increase forage production and quality, and to restore nutrient losses generated by livestock. Several
studies show increases in forage due to this practice, but less is known about impacts on soil fertility and carbon
sequestration. The objective of this study was to evaluate under real farm conditions changes in root C and N
stocks and soil organic carbon (SOC) and nitrogen (SON) stocks in two different soil pools, the particulate organic
matter (POM) and the mineral associated organic matter (MAOM), after the introduction in natural grasslands of
a legume species, Lotus subbiflorus cv. “El Rincon”, accompanied with phosphorous fertilization. We also evalu-
ated changes in the natural abundance of >N and '3C in soils and roots to understand changes in N fixation
and species composition. We selected 12 adjacent paddocks of natural grasslands (NG) and natural grasslands
overseeded with legumes and fertilized with phosphorous (NGLP) located in commercial farms in Uruguay.
We found that overseeding legumes increased root C and N stocks and SOC and SON stocks in some farms but
decreased them in others. On average, no significant differences arose between NGLP and NG paddocks in total
stocks of 0-30 cm depth. However, higher C stocks were observed in POM of NGLP paddocks in 0-5 cm layer
and lower contents in 5-10 cm layer indicating a change in the vertical distribution of C in POM. Changes in
815N suggest that atmospheric N is being fixed by legumes in NGLP paddocks, but not translated into more N
or C stocks in the MAOM fraction, probably due to high N losses promoted by cattle grazing. Our work suggests
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that carbon sequestration can be achieved after legumes introduction in grazed natural grasslands but will de-
pend on grazing management practices.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Soil organic matter (SOM) is a key carbon (C) pool in natural grass-
lands, strongly affected by grazing and other management practices, in
particular fertilization (Li et al,, 2010). SOM has beneficial impacts in soil
health, climate mitigation and food security (Lal, 2004; Jobbagy and
Jackson, 2000). Domestic grazing of natural grasslands has degraded
SOM stocks and produced land degradation worldwide (Su et al.,
2010). Therefore, several management practices have been imple-
mented in rangelands to increase SOM or soil organic carbon (SOC)
stocks, such as fertilization, rotational grazing, legumes introduction,
etc. (Conant et al., 2017; Zhang et al., 2020). Oveerseeding legume spe-
cies in natural grasslands, also known as “coverage seeding” or
“interseeding”, is a well-known practice aimed to increase forage pro-
duction and quality, as shown by previous studies (Jaurena et al.,
2016; Del Pino et al., 2016; Tiecher et al., 2014). Nonetheless, the impact
of overseeding legumes coupled with phosphorous fertilization on SOM
and other belowground processes still lacks of deep study, because it
may have strong impacts on soil fertility and carbon sequestration
(Conant et al., 2017). Legumes introduction in natural grasslands is ex-
pected to increase nitrogen (N) fixation and the phosphorous fertiliza-
tion coupled with the legume introduction enhances grassland's
productivity (Rodriguez et al., 2007), which may potentially increase
root production and therefore C and N inputs to the soil (Poeplau
et al., 2018). A recent global meta-analysis found only 7 studies that
evaluated legumes introduction in grasslands, with an overall positive
effect on SOC stocks, although several works showed both increases
and decreases in SOC stocks (Conant et al., 2017). Although some exper-
imental studies suggest increases in SOC after legumes introduction,
changes in SOC stocks under real farm conditions may be different
than under controlled experimental settings, due to complex interac-
tions among the environment and real management practices imple-
mented by farmers (Hansson, 2019).

Soil organic matter is complex and therefore to evaluate the effects
of grazing management options, such as legumes introduction, SOM
must be separated in its different components. Diverse separation
schemes have been implemented to evaluate informative SOM pools, al-
though more recently a growing consensus is been established on sep-
arating SOM into particulate (POM) and mineral-associated organic
matter (MAOM) forms, two SOM pools that are primarily different in
terms of their formation, persistence and functioning (Lavallee et al.,
2020). The POM fraction, which is more labile and has more rapid de-
composition rates, is composed mainly of undecomposed plant resi-
dues, while the MAOM fraction that corresponds to compounds
associated to mineral particles such as clay and silt has slower decompo-
sition rates (Cambardella and Elliott, 1993; Lavallee et al., 2020). Due to
their contrasting dynamics, land use change effects on SOM should be
evaluated separately in both fractions (Cotrufo et al., 2019).

We do not know of studies that have evaluated the effects of le-
gumes introduction in natural grasslands on different SOM fractions
(i.e. POM and MAOM). If legumes introduction increases above and be-
lowground productivity and these are translated into higher C inputs to
the soil, then we would expect increases in the POM fraction (Pifieiro
et al,, 2009). However, grazing may remove most of this extra produc-
tivity and therefore decrease C inputs to the soil, decreasing POM con-
tents (Pifieiro et al., 2010). On the other hand, the introduction of
legumes will increase N fixation and therefore N inputs to the soil, in-
creasing soil organic nitrogen (SON) contents, particularly in the
MAOM fraction, which is highly dependent on N availability (Pifieiro
et al., 2009). Grazing accelerates N cycling in grasslands, because

consumed nutrients are rapidly added to the soil via urine and dung
patches (Bardgett and Cook, 1998). However, grazing may also increase
N losses from these patches via volatilization and leaching (Pifieiro et al.,
2009, 2010). The overall effect of legumes introduction in natural grass-
lands on SON will depend on the magnitude of these contrasting pro-
cesses under real farm conditions.

Legumes introduced in natural grasslands are expected to fix N bio-
logically, increasing N availability to other plants and soil biota, al-
though the magnitude of this increment will depend on the balance
between the amount of N fixed and potential increases in N outputs.
The quantity of N incorporated to the ecosystem by biological fixation
depends on the legume's biomass production, the % N in their tissues
and the % of the N that was fixed from the atmosphere. The '°N natural
abundance method proposed by Hogberg (1998) can be used to esti-
mate the % of the N that was fixed from the atmosphere (Unkovich
and Pate, 2000; Holdensen et al., 2007; Nebiyu et al., 2014; Robinson,
2001). This method consists in comparing changes in the relative abun-
dance of °N (6'°N) of a fixing plant, that obtains N from the atmosphere
and the soil, and a non-fixing plant that obtains its entire N from the soil.
The N fixing plant would present 5!°N values closer to 0, the atmo-
spheric value, due to the biological fixation process being the main
source of N for these species (Hogberg, 1998). Thus, if a large proportion
of N fixed by the legumes is incorporated into SOM, then the 8'°N of
SOM will be closer to the atmospheric value (zero), as compared to
SOM values in grasslands without legumes.

The Rio de la Plata grasslands region, located in southern South
America, is a vast region of natural grasslands grazed by domestic herbi-
vores, where the introduction of legumes is widespread. Grasslands of
this region has been converted to croplands or forest plantations, but
relatively vast areas still remain under natural grasslands with moder-
ate to heavy grazing pressures (Podesta et al., 2009). The Rio de la
Plata grasslands encompass an area of 70 million ha between the East
Center of Argentina, Uruguay and Rio Grande do Sul in Brazil (Paruelo
et al., 2007). This region has the biggest extension of grasslands in
South America and supports a wide number of domestic cattle exis-
tences (Soriano, 1992). Several sub-regions are under an intense agri-
cultural use while others remain under natural prairies and steppes,
which sustain livestock production with large social and economic rele-
vance (Baldi and Paruelo, 2008; Soriano, 1992). Overseeding natural
grasslands with an exotic legume, Lotus subbiflorus cv. “El Rincén”
coupled with phosphorous fertilization to promote its growing is a com-
mon practice in this region, occurring in nearly 2 million ha (Rebuffo
et al., 2006). Lotus subbiflorus is an annual specie with high persistence
in these grasslands (Berretta et al., 2009), and although increases in pro-
ductivity and forage quality have been documented, scarce information
exists about its effect on belowground dynamics, particularly root pro-
duction and SOM accumulation (Carambula et al., 1994). Understanding
its belowground effects will serve to design management practices
aimed to improve soil fertility and carbon sequestration with important
impacts on climate change mitigation efforts, food security and
sovereignty.

The objective of this study was to evaluate under real farm condi-
tions changes in root C and N stocks and soil organic carbon and nitro-
gen stocks associated to the introduction of exotic legumes
accompanied with phosphorous fertilization in natural grasslands. To
accomplish this, root biomass and C and N stocks in the POM and
MAOM fractions were measured in 12 pairs of adjacent paddocks of nat-
ural grasslands (NG) and natural grasslands overseeded with legumes
and fertilized with phosphorous (NGLP) in different commercial farms
of Uruguay. Our hypotheses were that overseeding legumes coupled
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with phosphorous fertilization will: 1) increase aboveground and be-
lowground productivity and therefore root biomass and C contents in
the POM fraction; and 2) will enhance biological N fixation increasing
N availability in the soil and therefore increasing SON and SOC stocks
mainly in the MAOM fraction.

2. Methods
2.1. Study system and experimental design

Remaining natural grasslands of the Rio de la Plata Grasslands region
are mostly dedicated to sheep and cattle grazing. Livestock is an impor-
tant economical and social activity of the region. Native grass species are
mostly predominant in these grasslands, both C; and Cy4, from the gen-
era Bromus, Paspalum, Bothriocloa, Stipa, Schizachyrium among others
(Soriano, 1992). There are also shrubs of the genera Baccharis or
Eupatorium that can be abundant and even dominant depending on
the region and grazing management (Altesor et al., 2006). Climate con-
ditions of the Rio de la Plata Grasslands are temperate to subtropical
with a mean annual temperature between 10 and 20 °C (Soriano,
1992). Precipitations have mostly a uniform regime distribution along
the year and encompass mean annual precipitation amounts from
1500 to 600 mm from east to west (Paruelo et al., 2003). Soils are mostly
represented by mollisols, alfisols and vertisols predominant in the east
and entisols in the west. The textures are predominantly fine in the
east with more proportion of sand in the west.

Based on farmers' interviews, we selected 12 sites in commercial
farms located in the east center of ROU (Fig. 1; Table 1 Supplementary
Material), devoted to extensive cattle ranching, with large paddocks of
natural grasslands (NG) and natural grasslands overseeded with le-
gumes and fertilized with phosphorous (NGLP). The plant communities
of the selected grasslands belong specifically to the Eryngium horridum-
Juncus capillaceus community described by Lezama et al. (2019). A
paired design was used which consisted in adjacent sites of NG versus
NGLP (all with Lotus subbiflorus cv. “El Rincén” as the introduced legume
specie). Each pair of paddocks which were separated by wired fences
were subjected to grazing. We carefully selected representative areas

with similar topographical level, avoiding cattle paths, and separated
30 m from the fence. Soil samples were extracted using a 30 cm long
and 1.8 cm wide soil corer to obtain soil samples at four depths
(0-5 cm; 5-10 cm; 10-20 cm; 20-30 cm). Within each paddock 12
soil cores were extracted randomly and soil samples composited. Like-
wise, root biomass was sampled with a root auger (7.5 cm diameter)
at three depths (0-5 cm; 5-10 cm; 10-20 cm).

2.2. Sample and data analysis

Soil samples were processed to estimate bulk density and C and N
contents in POM and MAOM fractions. Bulk density was estimated
from a subsample of 5 g dried at 105 °C during 48 hs and weighed to de-
termine water content. The rest of the sample was sieved at 2 mm,
discarding rocks and roots that were weighed and stored separately.
Then, 10 g were extracted from the sieved sample and used for fraction-
ating SOM according to Cambardella and Elliott (1993). Briefly, samples
were shaken in sodium hexametaphosphate 5% dispersant solution dur-
ing 18 h and dispersed slurry was passed through a 25-micron sieve and
washed with distilled water in order to separate the fine sand sized frac-
tion from the clay and silt sized fraction. The portion of C and N retained
in the sieve are the sand sized organic C (C-POM) and N (N-POM), re-
spectively. The slurry that passed the sieve contains the mineral associ-
ated organic C (C-MAOM) and N (N-MAOM). Both fractions were oven-
dried at 60 °C in glass beakers until water evaporated completely. Car-
bon, N, 8'°N y 6!3C contents in each SOM fraction were estimated
with a Carlo Erba NA 1500 Elemental Analyzer at Duke Environmental
Isotope Laboratory (DEVIL) in Duke University, USA. The following
equation was used to calculate final C or N stocks in an equivalent soil
mass:

FW(g) CP(%) 'BD(TOH m-3) Z(m)
W

SOC fraction (1)

Tonha’]) =

where: SOC is soil organic carbon in a soil fraction (Ton ha™!) (or SON
for N), Fw is the fraction (POM or MAOM) weight (g), CP is the propor-
tion of C or N of each fraction, BD is soil bulk density (Ton m—>), Z is the
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Fig. 1. Location of the study sites in the Rio de la Plata Grasslands region in Uruguay, South America. Each number corresponds to a different farm with paired natural grasslands with
adjacent natural grassland with legumes and phosphorous fertilization. The Rio de la Plata grassland's region is shown in green. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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corrected depth (m) as explained below and TW is soil total sample
weight previous to fractionating (g) (Sollins et al., 1999; Solomon
etal., 2002). Results of the Eq. (1) were then multiplied by 100 for units’
compensation. To avoid overestimation between NG and NGLPs due to
changes in soil compaction usually generated by different grazing re-
gimes, calculations were made based on a constant soil mass basis
(Davidson and Ackerman, 1993) using the correction factor Z proposed
by Solomon et al. (2002):

- BDpg - X (m)

Z (m) BDnctp @

where: BDy is the soil bulk density of the natural grassland, BDygyp is
bulk density of the natural grassland with overseeded legumes and
phosphorous and X (m) is sample depth (Davidson and Ackerman,
1993; Solomon et al., 2002). Nitrogen contents in the POM fraction in
deepest layers were very low and therefore not detected by the element
analyzer in nearly 20% of the samples. For these samples, N contents
were estimated based on C contents measured in the sample and C:N ra-
tios interpolated from the samples in the upper layers.

Root samples were washed and separated with tweezers over a
0.5 mm sieve. Collected roots were oven-dried at 60 °C during two
days and weighed in order to estimate root biomass. Similar to soil sam-
ples C, N, !N y 8'3C contents in each root sample was analyzed with a
Carlo Erba NA 1500 Elemental Analyzer in DEVIL at Duke University,
USA.

2.3. Statistical analysis

Data were analyzed in R software (R Development Core Team, 2017)
using linear mixed-effects models ANOVA to evaluate differences
among the two treatments (NG and NGLP) (n = 12). The treatment
was considered as a fixed effect, while sites (i.e. replicates) as a random
effect. The Ime and glmer functions were used with the Ime4 and nmle
packages (Bates et al., 2015). Assumptions for the different tested
models were evaluated with the Levene test to prove homocedasticity

of variances, and Shapiro-Wilks test to check the assumption of nor-
mally distributed residuals for all response variables. We used log trans-
formations when data did not follow a normal distribution or a non-
parametric test, Kruskal Wallis test. Also, several models combining dif-
ferent functions for variance errors correction were tested when
heterocedasticity was found. Generalized linear models' regressions
were used to evaluate correlations among the different variables mea-
sured. The best-fitted models for each response variable were selected
based on the Akaike Criterion.

3. Results

Contrary as expected, increases or decreases in C and N stocks were
found in the different farms evaluated, and therefore, on average, the in-
troduction of Lotus subbiflorus cv. “El Rincén” and phosphorous fertiliza-
tion produced no significant differences in total SOC and SON stocks in
both the POM and MAOM fractions considering the first 30 cm of the
soil (Fig. 2). However, small significant changes were detected in partic-
ular soil depths. In the surface layer C-POM contents showed a marginal
increase under NGLP (1.28 ton ha™! or 21%, though not significative
p = 0.1360), but decreased in the following layer from 5 to 10 cm
(0.48 ton ha—' or 24%; p < 0.05), suggesting a small change in the verti-
cal distribution of C under NGLP, not observed for N-POM contents
(Fig. 2). In deeper layers, both C and N-POM contents were similar
and there were no significant differences between treatments. The C:N
ratio of the POM fraction showed a small decrease under NGLP, but
only in the 5-10 cm surface layer (p = 0.05) (Fig. 2). On the other
hand, C and N-MAOM contents represented around 82% (49.6 ton of C
ha=') and 88% (4.6 ton of N ha™') of total SOC and SON stocks respec-
tively, and showed no significant differences between treatments, ex-
cept in the deepest 20-30 cm layer, where NGLP paddocks had
slightly smaller C and N contents (p < 0.05).The C:N ratios of the
MAOM fraction were also similar among treatments for all depths eval-
uated (Fig. 2). In both soil fractions, 8'°N values were lower (closer to
the atmospheric value) in NGLP paddocks than in NG, suggesting that
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Fig. 2. Soil organic carbon and nitrogen contents (SOC and SON respectively), C:N ratios, 5'°N and 6'*C values in the POM and MAOM fractions under both treatments: natural grasslands
(NG) and natural grasslands overseeded with legumes and fertilized with phosphorous (NGLP). Panel A) shows variations in depth and panel B) total or average contents for the first 30 cm
of the soil. Significant differences between treatments are indicated with standard statistical nomenclature (***p < 0.001; **p < 0.01; *p < 0.05).
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legumes introduction fixed N from the atmosphere that remained in
both soil fractions (although significant differences were detected only
in two soil depths) (Fig. 2). Finally, 6'3C values in both soil fractions
were similar between treatments, showing no clear trends in functional
composition after legumes introduction (Fig. 2). Despite these similar
averages, some farms showed large differences in C and N contents be-
tween treatments in both fractions as explained below.

Similarly, we did not find significant differences between NG and
NGLP paddocks in root C or N contents (Fig. 3). Carbon and N root stocks
measured from 0 to 20 cm depth were around of 4.5 ton ha~! and 0.1
ton ha™!, respectively, with an average C:N ratio of 48. No significant
differences were detected in the different depths evaluated or for total
root contents (Fig. 3), although average N contents in roots were slightly
higher under NGLP paddocks. Equally, "N contents did not show a
clear trend between treatments, suggesting low or variable root con-
tents of the introduced legume (Lotus subbiflorus cv. El Rincén) in the

plant community during the sampling year. The lack of changes in
root 6'3C suggests low or variable changes in the proportion of Cs vs.
C,4 species between NG and NGLP paddocks in the different farms. As
with soil organic matter, beyond these similar averages between treat-
ments, some farms showed higher and other lower root C and N con-
tents and 6'°N and §'3C values in NG compared to NGLP paddocks, as
described below.

Behind these observed averages, the introduction of legumes and
phosphorous fertilization increased notably C and N contents in the
POM or MAOM fraction in some farms, but decreased them in others
(Fig. 4). Some farms showed large increases in their C-POM y C-
MAOM stocks (as well as their N-POM and N-MAOM), but other farms
lost important quantities of C and N after overseeding with legumes
the natural grassland (e.g. farms 8 and 11 that lost near 24 Ton of C
ha—!) (Fig. 4). Similarly, root C and N contents were very variable
among farms, as there were sites that increased them by near 150%
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Fig. 3. Root carbon and nitrogen contents, C:N ratios, 5'°N and 6'C values under both treatments: natural grasslands (NG) and natural grasslands overseeded with legumes and fertilized
with phosphorous (NGLP). Panel A) shows variations in depth and panel B) total or average contents for the first 20 cm of the soil. Significant differences between treatments are indicated

with standard statistical nomenclature (***p < 0.001; **p < 0.01; *p < 0.05).
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and others that decreased them by 50% under NGLP. Farms that lost C in
a particular soil fraction generally lost N in the same fraction, showing
high correlations between C and N changes in each soil fraction (see re-
gression lines in Fig. 4). Root changes showed a similar pattern but were
more variable (lower R? of the regression line). On the other hand, some
farms showed C and N gains in the POM fraction but losses in the MAOM
fraction (i.e. see site 11) or vice versa (i.e. see site 12), although most
farms had similar changes in both fractions. Finally, some farms showed
similar changes (increases or decreases) in soil and root C or N contents

under NGLP (i.e. farms 8 and 3), but changes were not consistent among
all farms, suggesting complex interactions in belowground processes.
Changes among farms in C and N stocks or soil 8'°N and 6'3C values
in the POM and MAOM fractions were not associated to other soil vari-
ables or grazing management practices recorded, although natural
grassland paddocks were more variable in these attributes among
farms than paddocks with legumes and phosphorous fertilization (see
Figs. 5 and 6). Overall, the introduction of legumes and phosphorous fer-
tilization seemed to homogenize SOC and SON contents (Fig. 5) as well
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as 6'°N and 6'3C contents (Fig. 6) between farms, particularly in the
POM fraction and in roots. Therefore, farms with higher initial C and N
stocks or 8'°N and §'3C values in the POM fraction under natural grass-
lands showed the higher decreases in these variables after legumes in-
troduction, while farms with low initial contents mostly showed
increases after legumes introduction. A similar pattern was observed
for roots, but not in the MAOM fraction, where contents under both
treatments were usually very similar (Figs. 5 and 6). Besides this pattern
no other variables measured showed any significant association with
the observed changes between farms. Variables considered in these
analyses were: years since legumes introduction and phosphorous fer-
tilization, legume cover in the sampling year, soil bulk density, soil tex-
ture, stocking rates, changes in stocking rates (difference between NG
and NGLPs), stocks and changes in root biomass between treatments,
stocks and changes in root C and N or §'°N and &'3C values.

4. Discussion
4.1. Effects on soil carbon and nitrogen stocks

Our results suggest that although legumes introduction may in-
crease N availability and productivity, potentially enhancing SOM con-
tents, the impact of this practice on SOM in real commercial farms will
depend strongly on other management practices performed by farmers.
Positive effects of NGLP on aerial productivity and forage quality of nat-
ural grasslands have been widely documented (Rebuffo et al., 2006;
Jaurena et al., 2016; Del Pino et al., 2016), but less is known about the
effect of this practice on SOM and far less on the different SOM fractions.
Although some works indicate that introducing legumes in natural
grasslands coupled with phosphorous fertilization can enhance total
SOC (Conant et al., 2017, 2001; Poeplau et al., 2018), in our study total
SOC did not increase consistently in all NGLP paddocks. In part, this
could be associated with higher decomposition rates and therefore
higher C and N losses in the soils of oversown and fertilized pastures
(Lodge et al., 2006). However, the effects of overseeding and fertiliza-
tion on litter and therefore on decomposition are inherently associated
to grazing management and how the practice is applied (Lodge et al.,
2006). Nevertheless, we did not find any management or soil variable
that explained the observed increases or decreases in SOC and SON
stocks; it is likely that differences among farms in how they apply the
practices and the grazing management are offsetting expected SOC
and SON increases.

However, our results also suggest that on average legumes introduc-
tion increased top soil C in the POM fraction and decreased C contents in
the MAOM fraction in deeper layers, although differences were margin-
ally significant. Similar results were obtained by Salvo et al. (2008), in an
experimental setup at a nearby region, were legumes introduction in-
creased SOC stocks in the POM fraction in the surface 0-5 cm layer,
but decreased C stocks in the MAOM fraction at all depths. Therefore,
itis not clear if expected increases in SOC after legumes introduction re-
ported for other regions (Conant et al., 2017) do not occur in this region
(where increases in the top soil POM are offset by decreases in the
MAOM fraction), or if farmers management practices are
counterbalancing potential increases in SOC stocks.

4.2. Effects on root biomass

Carbon and N increases in the POM fraction in the top soil (0-5 cm)
have been suggested to be promoted by higher biomass production or a
greater proportion of root biomass in the top soil, due to the shallow
root system of the annual legume Lotus subbiflorus cv. “El Rincén”
(Salvo et al., 2008; Carambula et al., 1994). Increases in aerial productiv-
ity due to legumes overseeding has been reported previously in the re-
gion (Rebuffo et al.,, 2006; Jaurena et al., 2016; Del Pino et al,, 2016), but
we did not find differences in root biomass after legumes introduction.
However, we did not evaluate root biomass in the first years after

legumes introduction, before other changes in species composition
may have operated and counterbalanced potential increases in legumes
root biomass. Changes in root biomass in grasslands can be generated
from changes in root biomass of particular species or its belowground
allocation, but also from changes in community composition (Ward
et al,, 2002; Pifieiro et al., 2010). Changes in the proportion of C3 or C4
species may affect root biomass because generally C4 species have
higher root and rhizome contents (Pifieiro et al., 2009). However, we
did not find strong relationships between changes in species composi-
tion (measured through soil §'3C) and changes in SOC or SON stocks
across farms. Therefore, future studies should evaluate the effects of le-
gumes introduction in species composition and root production, and
particularly their interaction with grazing management.

4.3. Effects on the nitrogen cycle

Soil organic nitrogen stocks are expected to increase after legumes
introduction due to the incorporation of biologically fixed nitrogen. Ni-
trogen is a key component of stable soil organic matter (mainly MAOM )
and therefore may limit its formation and accumulation (Knicker, 2011;
Cotrufo et al,, 2019). Therefore, the higher N contents of plant residues
promoted by legumes may increase the quality of biomass inputs to
the soil that can be rapidly incorporated into MAOM (Lavallee et al.,
2020; Campillo et al., 2005; Salvo et al., 2008). Nevertheless, diminishes
in C-MAOM contents in NGLP treatments reported by Salvo et al.,
(2008) and the variability in C-MAOM changes among farms found in
our study suggest that other processes are affecting the N cycle and
thus SON is not clearly increasing after legumes introduction. Our
615N results show that N fixed by legumes is being incorporated into
POM, but the lack of increases in N-POM or N-MAOM stocks suggest po-
tential higher N outputs from ecosystems. Increases in N outputs may
occur after legumes introduction, probably associated to changes in
grazing management that can counterbalance the greater N inputs by
legumes and domestic livestock through urine and dung patches
(Bardgett and Cook, 1998; Pifieiro et al., 2010) therefore producing de-
creases in N-MAOM stocks. Nonetheless, if higher stocking rates are
being applied in NGLP sites, increases in N losses by volatilization and
leaching from urine and dung patches may be happening as well
(West et al., 2005; Pifieiro et al., 2006). Amundson et al. (2003), sug-
gested that sites with higher 615N values have a more closed N cycle
than sites with lower 615N values, supporting this hypothesis.

Higher N inputs by biological nitrogen fixation in NGLP paddocks
could have promoted changes in plant species composition, with in-
creases in the proportion of exotic or annual species (Jaurena et al.,
2016; Berretta et al., 2009; Carambula et al., 1994; Tilman et al., 1996).
In the long-term these changes in species composition can produce nat-
ural grasslands degradation, although native species usually compete
and exclude introduced legumes in the long-term as previously ob-
served (Pallarés et al., 2005). The long-term exclusion of Lotus
subbiflorus cv. “El Rincén” by native species can explain its low presence
in some farms, although its coverage usually fluctuates from year to
year. Natural abundance of §'C observed in natural grasslands suggests
that changes in functional composition did not occur in a unique direc-
tion after legumes introduction in the studied farms, since some in-
creased the proportion of C3 in but others decreased them. Observed
changes in the proportion of C3/C4 were not associated to changes in
Cand N contents in POM or MAOM, indicating complex and multiple in-
teractions among vegetation, soils and grazing as observed elsewhere
(Pifieiro et al.,, 2009).

4.4. Interaction with the real on-farm grazing management practices

The heterogeneity found in grazing management, fertilization and
overseeding practices could explain the variability in the results of our
study. Information about management practices and stocking rates
were obtained through personal interviews, but printed records from
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the different cattle ranchers were usually nonexistent. Although all se-
lected sites were overseeded with the same species (Lotus subbiflorus
cv. “El Rincén”), most farms had no reseeding practices (overseeding
was made once at the initial stage but never reseeded) and grazing
management practices that allowed natural reseeding differed among
farms. Since Lotus subbiflorus cv. “El Rincén” is an annual specie,
reseeding is very important for its establishment and persistence
(Rebuffo et al., 2006; Ayala et al., 2001). In addition, farmers usually
apply higher stocking rates in the NGLP paddocks as observed in other
studies (Jaurena et al., 2016). We also found differences in the type,
dose and frequency of phosphorous fertilization among farms that in
addition with grazing management could have produced the differen-
tial responses in SOC and SON. Finally, our paired observational experi-
mental design could have also generated extra variability, because
potential differences among paired paddocks may have existed previ-
ous to legumes introduction. However, soil texture analyses showed
that soils were very similar and the scarce changes in C and N contents
in the MAOM (more stable) fraction, suggest that pairs were correctly
selected.

5. Conclusion

Our work contributes with novel information about a common prac-
tice usually performed in commercial farms worldwide. Our results sug-
gest for the need to perform future studies that continue evaluating
mechanisms and processes occurring after legumes overseeding and
phosphorous fertilization of natural grasslands and its relation with
grazing management strategies. This information could be an important
tool to improve rangelands management in order to develop practices
that enhance forage production but also improve soil fertility. In addi-
tion, our results can serve to inform potential carbon sequestration
strategies but also bring doubt about the possible increases in soil or-
ganic C and N stocks after introducing legumes in commercial farms
and its declared potential climate benefits. Our results suggest that car-
bon sequestration can be achieved after legumes introduction in grazed
natural grasslands but will depend on accompanying grazing manage-
ment practices, such as stocking rates that affect grasslands productiv-
ity, or other grazing management practices that allow reseeding of
legumes and its productive persistence in the sward.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.140771.
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