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Abstract

:

Legume overseeding along with P fertilization is a common practice used in natural temperate and subtropical grasslands to increase forage production. This practice has been evaluated at experimental plots but not at the paddocks level of commercial farms. The latter are realistic evaluation units to generate knowledge for livestock management. In this study, the enhanced vegetation index (EVI), a proxy of forage production, was used to evaluate the effect of this practice on grazed paddocks in Uruguay. Twenty paired paddocks under similar grazing conditions were selected with natural grassland (NG) and natural grassland with legume overseeding and P fertilization (NG-LP). Paired paddocks were compared in terms of EVI mean and its temporal variability. After nine years of the intensification practice, mean annual EVI of NG-LP was 4% higher than that of NG, while the mean winter–spring EVI of NG-LP was 7.5% higher. EVI intra- and inter-annual variability of NG-LP was 8–11% higher than that of NG. Additionally, forage production was estimated using a radiative transfer model. Differences between NG-LP and NG were amplified six to seven times. Legume overseeding along with P fertilization increased forage production in pastoral livestock paddocks, particularly in the period of forage deficit, while it also increased intra and inter-annual variability of forage production.
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1. Introduction


Forage production is one of the factors that most affects the efficiency of pastoral livestock farms [1,2]. It is a determinant of stocking rates at the intra-regional resolution, and it is a key variable in implementing the sustainable management of livestock systems [3,4]. In the past, forage production data were very scarce on pastoral livestock farms due to the difficulty of its estimation [5]. Currently, forage production can be estimated with high spatial and temporal resolution based on remotely sensed vegetation indexes [6,7,8]. These advances have consolidated forage monitoring systems on pastoral livestock farms [2]. Consequently, it is now possible to analyze the effects of management practices on the quantity and variability of forage production [9].



In Uruguay, pastoral livestock farms are mainly based on the forage production of natural grasslands [10]. Natural grassland is a forage resource characterized by a high diversity of species, a marked forage production seasonality and a moderate or low nutritional value [11,12,13]. Natural grassland areas have been declining in recent decades, mainly being replaced by agriculture in most productive soils and by afforestation in less productive ones [14,15,16]. The decrease in natural grassland areas has occurred without a national herd reduction [17]. Consequently, grazing pressure has increased on the remaining natural grassland area. On the one hand, a higher grazing pressure may cause degradation, mainly due to a decrease both in canopy leaf area index, thus vegetation cover, and a replacement by less productive species [18,19,20]. On the other hand, there is a growing international food demand for human consumption, particularly animal protein, linked to a 30% increase in the global population over the last 20 years [21,22]. Therefore, to compete with other land use activities, such as annual crops and afforestation, and to supply the growing protein demand, it is necessary to increase the productivity of livestock farms.



One way to increase the productivity of pastoral livestock farms is through intensification practices to raise forage production. Intensification practices, also called input-based technologies, are extensively used in the world and are frequently used in Uruguay. Their objective is to augment productivity by increasing forage production and/or forage nutritive value. In addition, these practices are carried out with the objective of minimizing the possible negative effects of climatic events such as drought [23,24]. Overseeding natural grasslands with exotic leguminous species, generally in the winter–spring cycle, coupled with P fertilization (hereafter NG-LP), is an intensification practice applied in the rangelands of Oceania, Africa, Asia, and South America [25,26,27]. In Uruguay, P fertilization is performed with different doses and applications according to legume persistence from over-seeding. NG-LP occupies more than 40% of the Uruguayan intensified livestock area (4.1% of Uruguay’s productive area, [10]). NG-LP has been recommended by public and private institutions as an alternative practice to sowing grass pastures and/or exotic legumes, due to its short-term benefits and because it avoids the total replacement of the original natural grassland cover (hereafter NG; [28]).



NG-LP generally increases short-term forage production, although it may cause negative impacts by ecosystem structure degradation. Knowledge about the long-term effects of NG-LP on forage production is very scarce. On the one hand, a decrease in forage production of NG-LP through time has been reported in a few studies, as a consequence of an important loss of stability [28,29,30,31]. On the other hand, NG-LP has generated degradation through a decrease in species diversity, a loss of high-value forage species [32,33] and an increase of exotic plant species of low productive value [33,34,35]. In other contexts, declines in species diversity of NG have been associated with decreases in forage production stability [36,37] and system resilience to stressful conditions [38,39,40,41].



NG-LP practice has been evaluated at experimental plots over short terms but not at the managerial unit level, as paddocks, over longer terms. The latter are realistic evaluation units used to generate knowledge for livestock management. Furthermore, this contrasts with the current need for public policy definitions and research trends toward the use of large spatial and temporal scales [42]. In the context of global change and increased climate variability, where extreme weather events are identified as one of the main hazards for South American and, particularly, for Uruguayan production systems [43,44], it is especially relevant to provide inputs for adaptation to future scenarios. In this sense, moving from punctual controlled experiments to real commercial situations under different environmental conditions becomes particularly appropriate. For example, the positive effects of NG-LP on C, N, P soil retention reported in experimental conditions [45] are under discussion in real commercial farms [46]. Large-scale unreplicated natural experiments allow researchers to use real situations to describe and analyze processes occurring at larger spatial and temporal scales [47]. This type of experiment has been used to evaluate anthropogenic activities at larger spatial scales, generating unique complementary findings with classical or lab studies [48]. In this study, the medium-term effects of NG-LP on the magnitude and variability of a proxy of forage production was assessed in a large set of paddocks in commercial pastoral livestock farms using a vegetation index time series from satellite imagery.




2. Materials and Methods


The study was carried out on natural and semi-natural grasslands of four geomorphological regions of Uruguay where domestic cattle grazing is a main disturbance: Cuesta Basáltica, Sierras y Colinas del Este, Escudo Cristalino, and Graven de la Laguna Merin [49] (Figure 1). Uruguayan grasslands are characterized by different combinations of C3 and C4 grasses and a broad assemblage of herbs [11]. The grassland’s structure differs among geomorphological regions. Within each geomorphological region, the grassland’s structure is fundamentally driven by macro topographic features and edaphic factors operating at the landscape scale. In terms of functioning, these grasslands also differ among regions [50]. Although the seasonal dynamics are similar, forage production differs between geomorphological regions and grassland communities of each unit [51,52,53,54]. Currently, virtually all of Uruguay’s natural grasslands are under grazing, and represent the forage base of pastoral livestock systems [10].



2.1. Paddocks


The experiment was performed in private commercial cattle farms linked to projects for monitoring the impact of natural grassland management on productivity and sustainability, whereby a detailed and reliable information of farms management were available. The farms were located on natural grassland with grazing mostly by cattle and, to a lesser extent, mixed cattle-sheep. In each farm, a pair of paddocks were selected. One paddock was intensified for the first time with input-based technology. The intensification practice used as treatment was overseeding legume species in the natural grassland coupled with phosphorus fertilization. The legume species included were Lotus Rincon (Lotus subbiflorus), Lotus Maku (Lotus pedunculatus), and Lotus angustissimus or white clover (Trifolium repens). In most of the paddocks, sowing was broadcast according to recommendations using a seed concentration between 3–12 kg/ha depending on the type of legume [29,33]. The fertilization applied was phosphorite, ammonium phosphate and superphosphate + phosphorite, separately or in combination (Table A1). Another paddock, adjacent or nearby (see below), was covered by a natural grassland, without the intensification practice, of an equal soil type and landscape position and with similar grazing management.




2.2. Experiment and Database Design


Twenty pairs of paddocks were selected. In each pair, one paddock was intensified by seeding legumes and phosphorus fertilization (NG-LP), and another adjacent or nearby paddock with non-intensified natural grassland (NG) as a control. This design aimed to exclude local environmental conditions effects (precipitation, temperature, soil type, etc.). Paddocks were intensified in the 2004–2013 period. Limits of paddocks were digitized and added to a Geographic Information System and overlaid on the MODIS Enhanced Vegetation Index data (EVI, MOD13Q1.006 Terra Vegetation Indices product). The EVI MODIS images have a spatial resolution of 250 m and a temporal resolution of 16 days. MODIS pixels were selected if they were completely included inside the paddock, avoiding wet lowlands, presence of trees, roads, etc. High resolution images available on Google Earth Engine platform were used for pixel selection [55].



Each of the 12 NG paddocks were selected inside the same farm when the NG-LP paddocks were established. The remaining eight NG paddocks were selected within a radius of 3000 m close to each NG-LP paddock, using EVI time series of pixels prior to intensification practice data as reference. Based on this time series, the NG pixels with the highest similarity or smallest Euclidean distance [56] and no change in cover/land use were selected.



The database was generated with MODIS EVI time series data of each selected pixel. Quality and cloud cover filter were applied to images, and missing data were interpolated by immediate before and after date EVI average in the Google Earth Engine platform. The data time range was from 18 February 2000 to 30 September 2021. A new time called “Year to intensification practice” was created since the intensification practice of NG-LP paddocks was not carried out in the same year. This variable relates the date of the EVI value to the year in which the intensification practice was carried out and was calculated as follows:


Year to intensification practice = EVI data year − Paddock intensification year











For example, if the paddock intensification practice was in 2013, for EVI values during 2020 the “Year to intensification practice” was 7. In contrast, if the paddock intensification practice was in 2016, for EVI values during 2020 the “Year to intensification practice” was 4.




2.3. Data Analysis


The effect of the intensification practice on inter- and intra-annual EVI magnitude and variability was performed by two-way repeated measures ANOVA, using treatment (NG and NG-LP) as an independent factor in all cases. Mean EVI for magnitude and Coefficient of Variation (CV) for variability analysis were used as dependent variables. Inter-annual and intra-annual analysis was performed using month and year to intensification practices as independent factors, respectively. When a statistically significant interaction between factors was found, Sidak’s post hoc test for multiple comparisons was used, with a 95% confidence interval. In all cases, two separate data sets were analyzed, corresponding to the period before and after intensification practice was performed. A set of four years prior to intensification practice (from −4 to −1) and a set along nine years since intensification practice (Year 0 inclusive) were considered. Data analysis was performed in R Studio 4.2.0 (PBC) and GraphPad Prism 8.0.2 (Dotmatics software corporation).





3. Results


During the four years before the intensification practice, mean EVI was similar among each pair of paddocks (F = 0.6, p value = 0.45), with no change between years (F = 1.5, p value = 0.21, Table A2). In contrast, over nine years since the intensification practice, the mean annual EVI of NG-LP was 4% higher than that of NG (F = 18.9; p value < 0.05), with similar inter-annual variations for both treatments (non-significant interaction; F = 0.5, p value = 0.85; Figure 2; Table A3). Table A4 shows the inter-annual EVI mean for Treatment × Year to intensification. These differences were time and space variables, and the maximum mean annual EVI between NG-LP and NG was 27.6% in Cuesta Basáltica region five years after intensification practice, while there were no differences in South-Central’s region three years after the intensification practice.



The intra-annual EVI mean was similar between paddocks before intensification practice (F = 0.75, p value = 0.40), showing a seasonal pattern (F = 12.4, p value < 0.0001) that was not affected by intensification practice (F = 0.85, p value = 0.59, Table A5). In contrast, over nine years of the intensification practice, mean winter–spring EVI of NG-LP was 7.5% higher than that of NG (significant interaction; T = 4.2, p value < 0.05), while the maximum difference was 9.7% in August, and null difference was in January and February (Figure 3; Table A6).



Before the intensification practice, intra-annual EVI variability was similar between NG and NG-LP (F = 4, p value = 0.06), with no year effect (F = 1.5, p value = 0.21) and no significant interaction Year × Treatment effect (F = 1.6, p value = 0.21, Table A7). In contrast, intra-annual EVI variability of NG-LP was 10% higher than NG during the nine years of the intensification practice (F = 24.1, p value < 0.0001, Figure 4). It also presented changes over time, with significant interaction Year × Treatment effect (F = 2, p value < 0.05): only three of the first five years after intensification were different between NG and NG-LP (T ≥ 3.2, p value p ≤ 0.05; Figure 4; Table A8). The maximum difference between NG and NG-LP was observed in year 4 (19.5%), while no differences were recorded in subsequent years (years 5 to 8; Figure 4).



Before the intensification practice, interannual EVI mean variability of NG-LP was similar to that of NG (F = 0.1, p value = 0.797), but differed between months (F = 10.6, p value < 0.0001; Table A9). In contrast, along 9 years since intensification practice, NG-LP interannual EVI mean variability was 12% higher than that of NG (F = 14.8, p value < 0.05, Figure 5). Interannual EVI variability presented, similarly in NG and NG-LP treatments (F = 1.2, p value = 0.29; Table A10), a marked seasonal pattern, with maximum interannual variability values in summer and minimum in winter–spring (F = 49.9, p value < 0.0001).




4. Discussion


This study shows, for the first time at the paddock level, that legume overseeding along with P fertilization increased forage production and its temporal variability of temperate natural grasslands. Medium-term forage production of NG-LP and its temporal variability has been scarcely evaluated beyond a few controlled experiments. Here, a database was carefully curated to use commercial farms as natural experiments. In this sense, each intensified paddock (NG-LP) was matched with a control paddock (NG) under same environmental and management conditions. In this way, potential covariables that could confound the effect generated by intensification on forage production were controlled. In addition, differences were evaluated also for four years before intensification practice, that allowed for the linking of forage production effects with the intensification practice.



4.1. Increase of Forage Production


These results showed that forage production of NG-LP was higher than that of NG, both at annual and seasonal resolutions. The forage production increase generated by this intensification practice has been reported in previous studies, mainly under experimental conditions and by repeated biomass harvests. In Uruguay, del Pino et al. [31] found a forage production increase of 25% and 35%, eight years after an intensification practice with two levels of phosphorus fertilization, respectively. Also in Uruguay, Pañella et al. [35], analyzed NG-LP with different phosphorus doses over three years at two sites, reporting forage production increases of approximately 90% and 130% for two fertilization levels in the first year and exclusively for one site. In Brazil, Ferreira et al. [57] found even greater differences after one year of the intensification practice, with a forage production increase of 150%. As in this study, differences are concentrated in winter and spring, while in summer and autumn differences were not recorded [57].



Some remote sensing studies that used vegetation indexes to estimate forage production agreed with the forage production increase of NG-LP found in these results. Baeza et al. [52] estimated Radiation Use Efficiency (RUE) and grasslands forage production in the Eastern Hills region of Uruguay and report higher average values in NG-LP than in NG. They report that maximum of forage production of NG in November was doubled for NG-LP. In another study, Pagnanini et al. [58] report higher forage production values in NG-LP than in NG, analyzing commercial farms in four geomorphological regions of Uruguay, but they did not perform the paired situations analysis used in this study.



Although EVI difference between NG and NG-LP obtained in this study is relatively small (4–7.5%), differences were amplified when models were used to estimate forage production. Using published national average values of incoming photosynthetically active radiation [59], and radiation use efficiency calculated for NG and NG-LP for Uruguayan grasslands [52], the 4% EVI difference between treatments amplified to 28% in terms of forage production (12,800 Kg DM ha−1 y−1 NG-LP vs. 7100 Kg DM ha−1 y−1 NG). If the June-November period is considered, difference is amplified to 33.8% (13,400 Kg DM ha−1 y−1 NG-LP vs. 7300 Kg DM ha y−1 NG). These differences between treatments acquire similar values to the literature cited above.



The smaller difference in EVI found, a proxy of forage production, may be related to the differences in the situations analyzed. These results were obtained through a “natural experiment” in commercial farms and not in controlled experimental conditions as in previous references. The existence of covariates over which no control is available, are common in natural conditions experiments [60]. Grazing management is potentially one of these uncontrolled variables. Grazing management recommendations in NG-LP include raising the stocking rate to control the legume cover dominance in the growing season and then remove livestock for approximately 40 days to promote seed development [61]. Similar results were found by De keesmaecker et al. [62], in a natural experiment in the Netherlands. These authors compare intensified pastures (with fertilization, sown pastures and irrigation) vs. semi-natural grasslands both under grazing and report an average increase of 10% in the Normalized Difference Vegetation Index (NDVI), accordingly with these results (considering the differences in intensification practices).



The persistence of the forage production increase caused by legume and P fertilization (NG-LP) is under discussion and there is not enough information on this issue. Del Pino et al. [31], found increase in forage production in the first and last two measures of a total of six over eight years, only during intensification. In a more recent study, del Pino et al. [45] found no differences after 12 years from the end of the intensification practice. This differs compared to these results, where the forage production increase remained in the medium-term, or during the nine years analyzed at least. A similar result was found by Jaurena et al. [33], who reported a forage production average increase of 60% after 12 years of NG-LP under experimental conditions.



The forage production increase due to intensification practice can be explained by two reasons. One is the introduction of highly productive leguminous species, with rapid growth and winter cycle, the season with the lowest forage production in Uruguayan natural grasslands [51,52,53]. Previous experimental studies reported a higher forage production of NG-LP that NG according to the season: 150% in winter and 100% in spring [63,64]. These results confirmed that the difference between NG and NG-LP is concentrated in June-November period, including the winter months when the higher forage production of NG-LP offsets the winter forage deficiency generally found in these systems. The second reason is higher plant availability of macronutrients which limit the NG forage production, particularly nitrogen fixed by legumes, and phosphorus by fertilization [65]. It should be considered that NG-LP practice aims, besides increasing forage production, to improve its quality by increasing the amount of biomass N and P concentrations [31]. Del Pino et al. [45] reported quality improvement remains in NG-LP plots after 12 years of intensification practice, even though they did not detect forage production differences.



Some studies reported forage production increases in NG using different intensification input-based technologies. A medium-term experiment (seven years) showed an average increase of 29% with nitrogen plus phosphorus fertilization [66], coinciding with these results. In a short-term experiment, Jaurena et al. [67] observed a 50 % increase in forage production of NG with nitrogen plus phosphorus fertilization, and a 100% increase when fertilization was combined with irrigation. The differences can be explained by the addition of nitrogen, which becomes rapidly available and generates an increase of forage production of grasses, which are dominant in natural grassland [67]. In addition, irrigation eliminates another of the main limiting factors of growth in temperate grasslands [68], so a greater increase was observed. Some short-term experiments in the region observed increases similar to these. Rodríguez et al. [69], observed increases of 40% and 100% in annual forage production through two levels of phosphorus fertilization in NG of Argentina’s Pampa region. Ferreira et al. [57] found increases of 130% with combined nitrogen and phosphorus fertilization in southern Brazil grasslands.




4.2. Increase of Forage Production Variability


These results showed intra- and inter-annual increase of ecosystem functioning variability by NG-LP. The effect of NG-LP on temporal variability was scarcely addressed by the literature. Baeza et al. [52] suggested the existence of greater inter-annual and intra-annual variation of forage production in NG-LP than in NG. Variability analysis of other intensification input-based technologies is a little more studied. A review of Jaurena et al. [28] suggested that, after the fourth year of sowed pastures of Uruguay and Argentina, variability of forage production is three times higher than NG. Durante et al. [70] analyzed the difference in forage production variability of sown pastures and NG in the Argentina’s Pampa region over a period of eight years and found greater intra- and inter-annual variability in sown pastures. This agreed with Paruelo et al. [71], although they did not perform a comparative analysis, their results suggest greater interannual variation of forage production in sown pastures than NG in commercial farms of Uruguay.



An important part of the rise in intra-annual variability of NG-LP productivity is partially explained by the increase in the EVI range. Specifically, NG-LP minimum was equal to NG, but maximum values was higher mainly from September to November. The remaining variability could be explained by diversity loss and/or the change in species composition. Although it is generally accepted that NG-LP is an alternative option to preserve NG biodiversity, in comparison with high-level intensification input-based technologies such as sowing pastures, some local studies reported short-term loss of diversity. Jaurena et al. [33], observed loss of total diversity, richness and increase frequency of exotics species in NG-LP versus NG. The higher-level of phosphorus fertilization used in this practice would generate a greater decrease in species, mainly native ones. Pañella et al. [35] reported a decrease in the richness of native species and an increase in exotic species, in addition, native species loss was greater with higher fertilization levels. Del Pino et al. [31] quantified the response of NG to phosphorus (P) fertilization and legume introduction, by measuring herbage yield of legumes and native species separately. Their results suggest the installation of legumes trigger a process of replacement of native species given by their greater competitive ability in situations of high resource availability. However, there is no consensus on long-term effects of NG-LP. Del Pino et al. [45] found no changes in diversity or presence of exotic species in 12 years after the end of the intensification practice. In a 21 years-long experiment in Rio Grande do Sul (Brazil), which analyzed only phosphorus fertilization, Somavilla et al. [72] reported changes in botanical composition, although not always with a decrease in species richness. In other regions of the world, numerous studies reported a decrease in NG diversity due exclusively to fertilization. Seabloom et al. [73] analyzed the chronic effect of phosphorus and nitrogen fertilization in species diversity, in experiments lasting five to 11 years, at 47 grasslands sites in 12 countries in North and South America, Europe, Australia, Africa and Asia. In all cases, they reported a decrease in species diversity and richness by fertilization. Several studies found strong negative correlation between diversity and nitrogen enrichment by intensification [74,75,76,77]. Riesch et al. [78], reported inverse relationship between species richness and soil phosphorus enrichment in intensified semi-natural grasslands in Germany [78].



Positive correlations between diversity and stability have been reported for grassland systems globally. It is argued that species diversity increases ecosystem stability and resilience to major disturbances [79] and it has been described that higher species richness is associated with increased biomass production and decreases temporal variability of forage production of grassland communities [80]. Less diverse intensified grasslands were less resilient to drought than NG under controlled conditions [81] and in natural experiments using vegetation indices [62].



Several mechanisms may explain how species diversity mediate temporal variability of forage production in NG. The presence of higher species richness with a high functional diversity probably has a complementary effect stabilizing biomass production in the long term [82]. Besides, heterogeneity associated with niche complementarity could result in better community performance compared to the expected individual species performance [83]. In this sense, it has been described phenological diversity stabilized forage production at the community level [84].



Another mechanism that may explain the temporal stability reduction is the substitution of native perennial species for annuals, as part of medium-term species alternation induced by intensification. Some studies report this effect after NG-LP in Uruguayan grasslands. Carámbula et al. [61], found a higher frequency of winter annual grasses after intensification, including one exotic species. NG-LP Increased annual species cover and frequency of opportunistic species in two regions of Uruguay (Centro sur and Sierras del Este; Lezama, 2019, Comm Pers). Some studies report increases in annual species biomass by phosphorus fertilization in Rio de la Plata Grasslands. Rodríguez et al. [69] analyzed the effect of fertilization in Pampean region (Argentina) and reported an increase in the productivity of annual C3 grasses and legumes in both seasons, suggesting a stability decrease of the natural community with the replacement of perennial species by annuals. Oliveira et al. [85] reported an increase in annual species biomass with phosphorus fertilization in grasslands of southern Brazil. In this sense, they found that a change in functional groups in a grassland dominated by perennial species was the main driver of declining stability, even more important than diversity [86]. In any case, links between both mechanisms, changes in diversity and functional groups caused by intensification practice and their consequences in functional stability of pastoral livestock systems remains to be elucidated.




4.3. Limitations


This natural experiment with commercial farms constitutes a challenge that presented at least two disadvantages and three advantages respect to field experiments under controlled conditions. Many disadvantages are related to the limited control associated with the wide diversity of management taken by each farmer. Firstly, the absence of grazing control is a key factor that affects the forage production for which there is not enough information. Secondly, the intensification treatment was considered as one factor, but it involved different legume species, types and doses of fertilization that will be examined in greater detail. Firstly, the most important advantage was the achievement of a large number of replications using case studies under a wide variety of local conditions. Secondly, the farms’ geographical dispersion in different grassland communities strengthened the results, finding intensification practice effects in spite of the great variation of environmental conditions (edaphic and climatic). Thirdly, control paddock use and pre-post intensification practice analysis allowed for the attribution of inputs on the effects of forage production exclusively, in spite of the different conditions.



This study was limited by the sensor spatial resolution. The MODIS sensor is robust and presents an adequate temporal resolution for this study, but its spatial resolution of 250 m limiting at the paddock scale. Recent studies have used harmonized time series of vegetation indices with higher spatial resolution sensors such as LANDSAT and SENTINEL [87,88,89]. With a higher spatial resolution, the number of cases could be increased, even to databases of controlled plot-scale experiments, analyzing possible nested or treatment-specific effects, such as the differing legume species seeded (summer or winter cycle), fertilizer load or the community grassland location.





5. Conclusions


This study shows that the NG-LP generated an increase in EVI that was maintained over nine years. The EVI is a proxy of radiation absorption and forage production. This increase was concentrated in the June-November period, including the winter months where a forage deficit generally occurs in grassland-based livestock production systems in southern South America. This increase in forage production also implied an increase in temporal variability, which suggests that further studies are needed to evaluate the effect of intensification practices on resilience to severe climatic events and their relationships with other aspects, such as floristic diversity, invasion of exotic species, and nutrient cycling.
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Table A1. Technological information of intensification practice of each pair.






Table A1. Technological information of intensification practice of each pair.





	Nº Pair
	Type of Legume
	Type of P-Fertilizer
	Time of Application





	1
	Lotus subbiflorus
	phosphorite
	biennial



	2
	Lotus pedunculatus
	phosphorite
	sporadic



	3
	Trifolium repens
	phosphorite
	continuous



	4
	Lotus angustissimus
	N/A
	N/A



	5
	Lotus subbiflorus
	N/A
	N/A



	6
	Lotus subbiflorus
	phosphorite
	N/A



	7
	Lotus pedunculatus
	N/A
	N/A



	8
	Lotus subbiflorus
	phosphorite
	sporadic



	9
	Lotus subbiflorus
	phosphorite
	continuous



	10
	Lotus subbiflorus
	superphosphate + phosphorite
	biennial



	11
	Trifolium repens
	superphosphate + phosphorite
	continuous



	12
	Lotus subbiflorus
	phosphorite
	sporadic



	13
	Lotus subbiflorus
	phosphorite
	biennial



	14
	Lotus subbiflorus
	phosphorite
	anual



	15
	Lotus subbiflorus
	superphosphate + phosphorite
	sporadic



	16
	Lotus subbiflorus
	superphosphate + phosphorite
	sporadic



	17
	Lotus subbiflorus
	superphosphate + phosphorite
	anual



	18
	Lotus subbiflorus
	superphosphate + phosphorite
	anual



	19
	Lotus subbiflorus
	superphosphate + phosphorite
	annual/sporadic



	20
	Lotus subbiflorus
	superphosphate + phosphorite
	annual
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Table A2. Enhanced Vegetation Index (EVI) two-way repeated measure ANOVA of natural grassland, 4 years before to intensification practice (n = 20).






Table A2. Enhanced Vegetation Index (EVI) two-way repeated measure ANOVA of natural grassland, 4 years before to intensification practice (n = 20).













	Source on Variation
	Sum of Squares
	Df
	Mean Square
	F (DFn, DFd)
	p Value





	Year
	0.0066
	3
	0.0022
	F (3, 57) = 1.552
	p = 0.2111



	Treatment
	0.0004
	1
	0.0004
	F (1, 19) = 0.5877
	p = 0.4527



	Year × Treatment
	2.1 × 10−5
	3
	7.0 × 10−6
	F (3, 57) = 0.0438
	p = 0.9877



	Year × Paddock
	0.0813
	57
	0.0014
	
	



	Treatment × Paddock
	0.0144
	19
	0.0008
	
	



	Paddock
	0.1125
	19
	0.0059
	
	



	Error
	0.0091
	57
	0.0002
	
	



	Total
	0.0162
	7
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Table A3. Enhanced Vegetation Index (EVI) two-way repeated measure ANOVA of Natural Grassland (NG) and Natural Grasslands overseed with Legumes with Phosphorus fertilization (NG-LP), during 9 years after intensification practice (n = 20).






Table A3. Enhanced Vegetation Index (EVI) two-way repeated measure ANOVA of Natural Grassland (NG) and Natural Grasslands overseed with Legumes with Phosphorus fertilization (NG-LP), during 9 years after intensification practice (n = 20).













	Source on Variation
	Sum of Squares
	Df
	Mean Square
	F (DFn, DFd)
	p Value





	Year
	0.0286
	8
	0.0036
	F (8, 152) = 3.25
	p = 0.0019



	Treatment
	0.0236
	1
	0.0236
	F (1, 19) = 18.88
	p = 0.0003



	Year × Treatment
	0.0007
	8
	8.17 × 10−5
	F (8, 152) = 0.5
	p = 0.8546



	Year × Paddock
	0.1674
	152
	0.0011
	
	



	Treatment × Paddock
	0.0238
	19
	0.0013
	
	



	Paddock
	0.2285
	19
	0.012
	
	



	Error
	0.0248
	152
	0.0002
	
	



	Total
	0.0777
	17
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Table A4. Interannual EVI mean for Treatment × Year to intensification.






Table A4. Interannual EVI mean for Treatment × Year to intensification.





	Year to Intensification
	NG-LP EVI Mean
	NG EVI Mean





	−4
	0.4257
	0.4213



	−3
	0.4131
	0.4106



	−2
	0.4148
	0.4119



	−1
	0.4073
	0.4037



	0
	0.4232
	0.4092



	1
	0.4215
	0.4069



	2
	0.4232
	0.4051



	3
	0.4181
	0.4059



	4
	0.4262
	0.4092



	5
	0.4320
	0.4139



	6
	0.4440
	0.4304



	7
	0.4410
	0.4241



	8
	0.4426
	0.4212
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Table A5. Enhanced Vegetation Index (EVI) two-way repeated measure ANOVA of natural grassland, 4 years before to intensification practice, between January and December (n = 20).






Table A5. Enhanced Vegetation Index (EVI) two-way repeated measure ANOVA of natural grassland, 4 years before to intensification practice, between January and December (n = 20).













	Source on Variation
	Sum of Squares
	Df
	Mean Square
	F (DFn, DFd)
	p Value





	Month
	0.2991
	11
	0.0272
	F (2.71, 51.48) = 12.4
	p < 0.0001



	Treatment
	0.0018
	1
	0.0018
	F (1, 19) = 0.747
	p = 0.398



	Month × Treatment
	0.0016
	11
	0.0001
	F (4.06, 77.19) = 0.846
	p = 0.501



	Month × Paddock
	0.4578
	209
	0.0022
	
	



	Treatment × Paddock
	0.0464
	19
	0.0024
	
	



	Paddock
	0.3513
	19
	0.0185
	
	



	Error
	0.0360
	209
	0.0002
	
	



	Total
	0.3385
	23
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Table A6. Enhanced Vegetation Index (EVI) two-way repeated measure ANOVA of Natural Grassland (NG) and Natural Grasslands overseed with Legumes with Phosphorus fertilization (NG-LP), during 9 years after intensification practice, between January and December (n = 20).






Table A6. Enhanced Vegetation Index (EVI) two-way repeated measure ANOVA of Natural Grassland (NG) and Natural Grasslands overseed with Legumes with Phosphorus fertilization (NG-LP), during 9 years after intensification practice, between January and December (n = 20).













	Source on Variation
	Sum of Squares
	Df
	Mean Square
	F (DFn, DFd)
	p Value





	Month
	0.4932
	11
	0.0448
	F (11, 209) = 18.19
	p < 0.0001



	Treatment
	0.0337
	1
	0.0337
	F (1, 19) = 19.14
	p = 0.0003



	Month × Treatment
	0.0258
	11
	0.0023
	F (11, 209) = 8.48
	p < 0.0001



	Month × Paddock
	0.5152
	209
	0.0025
	
	



	Treatment × Paddock
	0.0334
	19
	0.0018
	
	



	Paddock
	0.3336
	19
	0.0176
	
	



	Error
	0.0577
	209
	0.0003
	
	



	Total
	0.6104
	23
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Table A7. Intra-annual Enhanced Vegetation Index (EVI) Variability two-way repeated measure ANOVA of natural grassland, 4 years before to intensification practice (n = 20).






Table A7. Intra-annual Enhanced Vegetation Index (EVI) Variability two-way repeated measure ANOVA of natural grassland, 4 years before to intensification practice (n = 20).













	Source on Variation
	Sum of Squares
	Df
	Mean Square
	F (DFn, DFd)
	p Value





	Year
	55.9
	3
	18.64
	F (3, 57) = 0.5724
	p = 0.6355



	Treatment
	14.8
	1
	14.84
	F (1, 19) = 4.000
	p = 0.06



	Year × Treatment
	10.6
	3
	3.54
	F (3, 57) = 1.557
	p = 0.2099



	Year × Paddock
	1856
	57
	32.55
	
	



	Treatment × Paddock
	70.5
	19
	3.71
	
	



	Paddock
	1590
	19
	83.7
	
	



	Error
	129.8
	57
	2.28
	
	



	Total
	211
	7
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Table A8. Intra-annual Enhanced Vegetation Index (EVI) Variability two-way repeated measure ANOVA of natural grassland and Natural Grasslands overseed with Legumes with Phosphorus fertilization (NG-LP), during 9 years after intensification practice (n = 20).






Table A8. Intra-annual Enhanced Vegetation Index (EVI) Variability two-way repeated measure ANOVA of natural grassland and Natural Grasslands overseed with Legumes with Phosphorus fertilization (NG-LP), during 9 years after intensification practice (n = 20).













	Source on Variation
	Sum of Squares
	Df
	Mean Square
	F (DFn, DFd)
	p Value





	Year
	1226
	8
	153.3
	F (8, 152) = 2.872
	p = 0.0053



	Treatment
	353
	1
	353.3
	F (1, 19) = 24.14
	p < 0.0001



	Year × Treatment
	106.5
	8
	13.32
	F (8, 152) = 2.015
	p = 0.0482



	Year × Paddock
	8111
	152
	53.36
	
	



	Treatment × Paddock
	278
	19
	14.63
	
	



	Paddock
	3146
	19
	165.6
	
	



	Error
	1005
	152
	6.61
	
	



	Total
	2691
	17
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Table A9. Interannual Enhanced Vegetation Index (EVI) Variability two-way repeated measure ANOVA of natural grassland, 4 years before to intensification practice, between January and December (n = 20).






Table A9. Interannual Enhanced Vegetation Index (EVI) Variability two-way repeated measure ANOVA of natural grassland, 4 years before to intensification practice, between January and December (n = 20).













	Source on Variation
	Sum of Squares
	Df
	Mean Square
	F (DFn, DFd)
	p Value





	Month
	8923
	11
	811.2
	F (11, 209) = 10.57
	p < 0.0001



	Treatment
	1.8
	1
	1.8
	F (1, 19) = 0.06803
	p = 0.797



	Month × Treatment
	107
	11
	9.75
	F (11, 209) = 1.273
	p = 0.2419



	Month × Paddock
	16,040
	209
	76.75
	
	



	Treatment × Paddock
	503
	19
	26.48
	
	



	Paddock
	6355
	19
	334.5
	
	



	Error
	1602
	209
	7.66
	
	



	Total
	12,434
	23
	
	
	










[image: Table] 





Table A10. Interannual Enhanced Vegetation Index (EVI) Variability two-way repeated measure ANOVA of natural grassland and Natural Grasslands overseed with Legumes with Phosphorus fertilization (NG-LP), during 9 years after intensification practice, between January and December (n = 20).






Table A10. Interannual Enhanced Vegetation Index (EVI) Variability two-way repeated measure ANOVA of natural grassland and Natural Grasslands overseed with Legumes with Phosphorus fertilization (NG-LP), during 9 years after intensification practice, between January and December (n = 20).













	Source on Variation
	Sum of Squares
	Df
	Mean Square
	F (DFn, DFd)
	p Value





	Month
	14,671
	11
	1334
	F (11, 209) = 49.95
	p < 0.0001



	Treatment
	449.9
	1
	449.9
	F (1, 19) = 14.80
	p = 0.0011



	Month × Treatment
	67.16
	11
	6.1
	F (11, 209) = 1.197
	p = 0.2909



	Month × Paddock
	5580
	209
	26.7
	
	



	Treatment × Paddock
	577.7
	19
	30.41
	
	



	Paddock
	3171
	19
	166.9
	
	



	Error
	1066
	209
	5.1
	
	



	Total
	16,254
	23
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Figure 1. Location of studied commercial pastoral livestock farms in four geomorphologic regions of Uruguay. 






Figure 1. Location of studied commercial pastoral livestock farms in four geomorphologic regions of Uruguay.



[image: Agronomy 12 02507 g001]







[image: Agronomy 12 02507 g002 550] 





Figure 2. Mean Enhanced Vegetation Index (EVI) of natural grassland four years before, and natural grassland (NG) and natural grassland overseed with legumes and fertilized with phosphorus (NG-LP), over nine years after intensification practice (year 0, arrow inside the panel). Each circle corresponds to mean annual EVI of 20 paddocks, error bars indicate one spatial standard error between paddocks, and dotted horizontal lines interannual EVI mean (before intensification practice, F = 0.6, p value = 0.45; after intensification practice, F = 18.9, p value < 0.05). 
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Figure 3. Mean Enhanced Vegetation Index (EVI) mean of natural grassland control (NG) and natural grassland overseed with legumes and fertilized with phosphorus (NG-LP), from January to December. Points corresponds to annual EVI mean of 20 paddocks (NG, n = 20; NG-LP, n = 20) during the nine years of the intensification practice. Error bars correspond to spatial standard error, horizontal dotted lines correspond to June to November mean value and asterisks above indicate months with significant differences between treatments (T ≥ 4.2, p value < 0.05). 
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Figure 4. Intra-annual Enhanced Vegetation Index (EVI) variability of natural grassland four years before, and of the natural grassland (NG) and natural grassland overseed with legumes and fertilized with phosphorus (NG-LP), over nine years of intensification (year 0, arrow inside the panel). Points correspond to intra-annual Coefficient of Variation (CV) mean of 20 paddocks (NG, n = 20, NG-LP, n = 20), error bars indicate spatial standard error, horizontal dotted lines intra-annual CV mean (before intensification practice, F = 4, p value = 0.06; after intensification practice, F = 24.1, p value < 0.0001). Asterisks above indicate significantly different years (T ≥ 3.2, p value p ≤ 0.05). 
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Figure 5. Interannual Enhanced Vegetation Index (EVI) variability of natural grassland (NG) and natural grassland overseed with legumes and fertilized with phosphorus (NG-LP), from January to December. Points corresponds to annual EVI mean of 20 paddocks (NG, n = 20; NG-LP, n = 20) during the nine years of the intensification practice. Error bars correspond to spatial standard error, horizontal dotted lines indicate the CV of the interannual EVI mean. 
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