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Abstract

:

(1) Background: Desertification is one of the most important environmental impacts around the world. In the semiarid grassland of North of Chile, overgrazing has deep effects on arid lands and consequently on its economy and social development. It is necessary to conduct very detailed studies to determine how the climate, the botanical composition and the grazing system affects this process; (2) Methods: In this paper, we have determined the effect on arid grasslands of three goat managements: exclusions, continuous and deferred grazing on forage biomass, richness, Berger–Parker’s dominance and Shannon’s diversity. This study was developed in Las Cardas Range Station (CEALC) of the University of Chile in the Coquimbo region. The effect of annual and seasonal rainfall on biomass, diversity, richness and dominance parameters was determined; (3) Results: Allochthonous, endemic and native species showed significant changes both for seasonal and annual precipitation. In contrast, the grazing system only affected dominance and biomass of native and endemic species. Deferred grazing was the only management system that increased overall biomass productivity, especially on the best forage plant species. Exclusions showed a positive influence on more endangered species, which were the most vulnerable to goat overgrazing; (4) Conclusions: In consequence, we proposed a network of areas under deferred grazing combined with exclusions. This strategy can increase simultaneously forage productivity, grassland conservation and preservation of associated resources as hunting and wildlife tourism. Moreover, this strategy of range management will allow the sustainability of community of farmers in one of the poorest and most desertified areas in South America.
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1. Introduction


Recent research indicates that 41% of the Earth’s land surface and within this, 45% of the agricultural areas are at serious risk of desertification [1]. This represents 10–20% of the world’s arid zones [2]. It is expected that by the end of the century, the area of drylands in the world will have increased by 11 to 23% [3]. In South America, this process is especially problematic, covering the 31% of the territory [4]. In many arid rangelands the main economic activity is livestock farming on natural vegetation [5]. When in these fragile environments, the arid forage resources are not managed properly so overgrazing occurs [6]. In drylands under Mediterranean climate, such as the North of Chile, desertification is especially intense, increasing annually from 0 to 1% due to the combination of overgrazing, pruning, forest fires and climate change [7,8]. This is undoubtedly Chile’s biggest problem, affecting 2/3 of the country’s territory [9].



Desertification effects are affecting not only natural processes but also social development of rural areas, income level, education resources and migration of local population [9]. These processes are especially problematic in certain sectors of the population, such as small farmers and ranchers, who only receive income from their agricultural activity [10]. As a result, this group enters a vicious circle of poverty that makes them dependent on their own subsistence conditions on the one hand, and prevents them from escaping from this underdevelopment on the other [11]. This forces us to invest even more in new technologies that facilitate the maintenance of an economically viable agricultural population that does not have alternatives. Recently, the use of solar energy, the implementation of new ecosystem services [12] or the appearance of new biotechnologies, specific to arid zones, point to more optimistic scenarios for the rural development [13]. Especially relevant is the project of the Great Green Wall (GGW) developed by many countries to combat desertification in the Sahel [14]. Broadly speaking, the project consists of developing a strip of native (NT) shrubs and trees with sustainable silvopastoral managements. Many strategies are being developed to combat the loss of diversity in arid zones. Recovering native plant species is one of the most important because they are plants that show unique adaptations to water stress, with pharmacologically useful chemical components and act as nursing plants, contributing to the creation of ecological islands of biodiversity [2]. Due to the low population density of arid zones, the loss of genetic resources is much faster than in other areas.



In regard to natural effects of desertification in North Chile, one of the strongest is the reduction in the level of aquifers [15]. These aquifers depend especially on the high precipitation events produced by ENSO (El Niño Southern Oscillation) [16]. It is due to these events that a savanna of arid shrub vegetation with very deep root systems is maintained in these areas of Chile. The deep root systems of these arid Chilean woody species contribute to soil fixation, preventing desertification [17]. Moreover, these species can be excellent nursery plants for small trees that form the savanna type forest typical of many arid environments [14]. For these reasons, different strategies have been designed for the introduction of shrub species to combat desertification in Northern Chile [18]. Moreover, many bushes act as nursing plants of local grasslands buffering the effect of climate change [19]. Consequently, if woody vegetation disappears in the area, there is a very rapid acceleration of desertification (a typical catastrophic cascading process) with a consequent reduction in biodiversity [2]. This decline affects all trophic levels such as grasslands, small mammals, insects and predators [20]. Therefore, to maintain an appropriate level of shrub cover and a good farming management is absolutely necessary to avoid desertification in arid areas [21]. This can be done by regulating the carrying capacity of grasslands because other environmental restoration strategies, such as planting native shrubs in large areas, have a high economic cost of implementation and success is not always guaranteed [14].



Traditionally, livestock management in Northern Chile is based on free-ranging goats under continuous grazing [22]. Different studies suggest that this is not the best management system for the conservation of arid rangelands [7,23]. In fact, this goat grazing method reduces the abundance of the best forage native species that usually are the worst adapted to overgrazing [24]. Secondly, an increment in invasive and unpalatable grasses, forbs and shrubs is produced by an excess of livestock pressure [25]. Moreover, these alien species are the most resistant to ruminants due to its higher reproductive rates and lower palatability [26]. All these changes in grassland composition are usually associated to a marked reduction of nutritional value [27] and diversity [28] of rangelands. This reduction in diversity is at the expense of native species [29]. Moreover, invasive species can cause significant changes in the carbon and water cycles at the ecosystem level [30]. Consequently, continuous grazing significantly reduces the biomass (B) of arid steppes, as well as their photosynthetic activity [31]. Nor can we ignore the alterations on nutrient recycling and especially on carbon sequestration in areas under continuous grazing compared to protected areas [32]. These multiple effects of continuous grazing are being tested in many arid rangelands around the world with similar results [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33].



In Northern Chile, the loss of autochthonous (AU) species by overgrazing probably began in the 15th century [34], during the Spanish Conquest period, but it only has been registered since 18th century [35]. During the conquest, the seeds of allochthonous (AL) grassland species were transported by small ruminants (sheep and goats) introduced by the Spanish conquerors [36]. Today, AL species are dominant whereas the relict vegetation only survive in very isolated areas [37]. This relationship between inefficient pastoral models from the colonial past and current degradation has been observed in other parts of the world [38].



In the present paper, we analyze the effect of seasonality, rainfall and grazing management system on Shannon’s diversity (H′), specific richness (S), Berger–Parker’s dominance (d), total biomass (B) and productivity of AL, native (NT) and endemic (EN) species in North Chile. Few studies on Chilean arid rangelands have been conducted with the level of annual, seasonal and spatial replication of this study. Moreover, our study is based on the analysis of a high number of permanent transects that allow a clear analysis of botanical changes across time. In consequence, our methodology is especially useful in areas that are very variable in environmental conditions, such as Northern Chile, because it reduces statistical noise, permitting obtaining valuable conclusions. Moreover, we will study the environmental factors implied in the growing reduction of EN and NT vegetation that is other collateral problem of desertification process. Therefore, the aim of this paper is weighting the relative influence of climate, invasion of AL species and overgrazing on arid rangelands of the IV Region of Chile, proposing solutions for one of the most desertified areas in the world.




2. Experimental Section


2.1. Sampling Area


Grassland sampling was done in Las Cardas Range Station (CEALC), an experimental area belonging to the Faculty of Agronomy of the University of Chile (Figure 1). CEALC is located in the North of IV Region of Chile, near the city of Coquimbo (between 30°13′ and 30°19′ latitude South, and 71°13′30″ and 71°19′ longitude West). The average altitude of the study area was 260 m. Annual average temperature from 1977 to 2020 was 14.8 °C. The average monthly temperature varies between 11 °C in July and 19 °C in January due to the Humboldt Current [39]. Annual rainfall in the same period was 109 mm but with a marked interannual variability [40]. The 63% of precipitation was concentrated during the winter. The years with more intense rainfall levels were associated to “El Niño” Southern Oscillation (ENSO) events. In contrast, summer drought was due to Mesoscale Convective Systems (MCSs) [41]. The two wettest months in the area were June (18% of annual rainfall) and July (44%). Despite the scarce annual rainfall in the area, the water deficit did not surpass 900 mm·year−1 due to the influence of coastal fogs which produced a relative humidity of 71% in January and 78% in July. This effect affected to our study area but decreased to few km away from the coast [42] and it markedly influenced the botanic composition [43]. The soil type is an Orthid Aridisol formed by coluvial-alluvial material derived from granitic batholite of the coastal mountains [44]. The 0–60 cm of depth is a sandy clay loam and soil over 60 cm has a higher clay content. Under 60 cm of depth an extremely hard layer of mineral deposits is present. This limits the flux of nutrients and consequently the arid agriculture in the area. Soil pH is close to neutral [45].



The shrub community in the area comprised the species Flourensia thurifera (Molina) DC, Heliotropium stenophyllum Hook et Arn, Gutierrezia resinosa Hook et Arn, Porliera chilensis I.M. Johnst, Senna cummingii var. coquimbensis (Vogel) Irw. et Barneby and Adesmia microphylla Hook et Arn [23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. Grassland sampling was carried for 1983 to 1988, 1991 and 2002 (Figure 2). Sampling effort by season and years is shown in Table 1. Years were classified as wet or dry depending on if its rainfall levels were over or under 135 mm. This was the average precipitation for the sampling period in the area. Grassland were grouped by its composition in autochthonous (AU) and allochthonous (AL) species (see Supplementary Materials). The first group was separated in native (NT) of Chile (distributed along III, IV, V and VI regions) (see Supplementary Materials) and endemic (EN) of the IV Region of Chile (see Supplementary Materials) following to [47]. NT and EN species showed marked differences in its ecological drought tolerance and vulnerability to overgrazing [48]. In this sense, EN species were better adapted to arid climate than NT species but both groups were vulnerable to overgrazing. Exactly the opposite happens with AL species that tolerate overgrazing and were less adapted to prolonged drought periods [7].




2.2. Management Systems


The forage resources of CEALC have been managed by the principal experts in arid rangelands of the University of Chile since 1973. They have mainly applied continuous and deferred grazing systems. Continuous grazing is based on keeping animals in the field every day of the year. On the contrary, deferred grazing is based on letting the plants in a zone go to seed and grazing them immediately after until the plants are withered at the end of the grazing season. Only at night are the goats collected in stables. Continuous grazing was based on a constant stocking rate of 3 goat ha−1 [49]. Only two experimental herds with the same number of animals were considered in this study. Both flocks were completely separated by a road and therefore with no possibility of interactions between them (Figure 1). Consequently, both grazing areas were independent and can be considered as replicates. The two areas were under continuous grazing but inside them certain sectors were managed by deferred grazing [26]. These deferred areas were fenced and protected from grazing since late spring until autumn. Simultaneously, a set of 12 exclusions were distributed in the overall area of CEALC. These exclusions can be considered as independent replicates too (Figure 1). The goats did not pass between all these sampling areas by the presence of a river and the previous commented road that act as barriers. Both limits define three independent sampling areas in the West, Center and East of CEALC (Figure 1). As exclusions, we considered, not only the specifically constructed for this purpose, but the areas where the goats never grazed. As an example of the intense changes in botanical composition that were produced in these excluded areas, the aerial photographs showed a darker color that it was effect of a higher grass cover and shrub abundance (Figure 1). The time of creation, location, duration and size of these exclusions are shown in the section of Supplementary Materials. Exclusions allowed observing the effect of grazing protection on temporal changes in arid grasslands [2].



Goats belong to Criolla breed, a cross of local goats with Spanish Guadarrama breed [50]. Animals presented an average of two years old that corresponds to 35–40 kg. Goats over 4 years were usually replaced by youngest due to the low milking productivity of this breed. Animals were under free ranging management and only were housed during the night to avoid the attack of desert foxes (Pseudalopex griseus Gray) or feral dogs. Goats were occasionally supplemented in summer with lucerne, grain, forage shrubs (Atriplex spp. and Opuntia spp.) and agriculture byproducts. Supplementation was only given during the driest periods, at evening after each grazing journey [22]. Consequently, this was a complement to the low nutritional value of natural vegetation that was the main food source [23]. In any case, this treatment was equally applied to both herds.




2.3. Sampling Method


This study covered a non-continuous period of 19 years and was seasonally highly replicated (Table 1). However, despite our data not being completely balanced, this was compensated by a high sampling size and the use of non-parametric methods that will be explained in detail after. In any case, these inhomogeneities in data are very frequent in many landscape studies that cover a wide temporal range and it can be easily solved with appropriate statistical procedures [51].



The three goat managements (exclusion, continuous and deferred grazing) have been maintained in CEALC since 1973. Sampling was distributed randomly inside the areas with homogeneous vegetation for each grazing treatment. We used point-quadrat transects to quantify plant abundances that consist in the measure of any contact on any green structure (leaves and green stems) of plants [52]. Total abundance of each plant species (phytovolume) was defined as its number of contacts along the transect [53]. This means that only the annual productivity was registered because woody contacts of shrubs and forbs were not measured. Previous methodological studies indicated that in arid areas the best point-quadrat dimension was 10 m of length with sampling points each 10 cm [54]. We took a special care for covering all the plant communities in the area. Total set of transects was 472 with 159 in continuous grazing areas, 165 in deferred grazing and 148 for exclusions.



Additionally, in each transect three 0.25 m2 (50 × 50 cm) squares were harvested and their average dry matter (DM) was the measure of phytomass (B) finally used [55]. This means 159 × 3 phytomass samples for continuous grazing, 165 × 3 in deferred grazing and 148 × 3 in exclusions. Biomass of AL, NT and EN species was calculated using a phytovolume-phytomass regression model specifically developed for these arid ecosystems. Biomass was calculated in kilograms per hectare (kg/ha). We followed the same methodology previously used in temperate Mediterranean [56] and tropical [57] rangelands.




2.4. Statistical Analysis


The factors defined in the analysis were management system (exclusion, continuous and deferred grazing), season (spring, autumn and winter) and type of the year (dry and wet) according to the average rainfall level that is 135 mm (Figure 2A).



Phytovolume of each species was used for the determination of Berger–Parker’s dominance (d), Shannon’s diversity index (H′) and Richness (S) in each transect [58]. In order to compare these indexes between seasons, years and grazing treatments, we used a Hierarchical Partitioning (HP) test [59]. HP is an inferential analysis based on the testing of many multiple regressions with interaction terms and then, the explained independent variance of each factor is determined. The use of HP is increasing in the last decades because it was a substitute of parametric variance analysis and simultaneously complements multiple regression without the problems of multicollinearity, non-normality or heteroscedasticity of residues [60,61]. Moreover, HP method is robust to spatial and temporal dependence caused by sampling design [62]. HP can be used when sampling is not balanced or saying the same when there is absence of samples in certain combination of factors (Table 1) [63]. In consequence, HP analysis is perfect for the type of data that are commonly used in applied landscape ecology, specifically in conservation studies [64] where the sampling designs are very complex and despite this, we need to separate clearly the independent contribution of each environmental factor [65]. HP determines the percentage of total variance explained by each factor comparing their effects alone and in combination and the significance was calculated by a randomization test [66,67].



Complementary to HP test, we carried out a non-parametric Spearman’s rank correlation analysis for comparing the biomass between all the subsets of factors and groups of species (AL, NT and EN). Using this procedure, we detected if competence (ρ < 0) or association (ρ > 0) were significant between subsets. Finally, we compared the differences in B, d, S and H for the set of years using Dunn’s post-hoc nonparametric test of variance. All the statistical analysis were calculated using R-package statistical environment [68].





3. Results


3.1. Botanical Composition of Grassland Community


Annual rainfall in CEALC is highly variable and winter dominant. However, the linear tendency across the sampling period was flat (Figure 2A). Associated to this variation in precipitation, strong changes in botanical composition were observed. Thus during the nine non-continuous years of sampling in the CEALC, we detected 129 species of vascular plants (distributed in 46 families) (see Supplementary Materials). In the three groups of vegetation (NT, EN and AL) defined by [47], we detected 37, 46 and 43 species, respectively. Poaceae and Asteraceae were the dominant families in AL (9 and 7, respectively) and NT (4 and 4, respectively) groups. EN species presented dominance of Asteraceae (n = 9) and Boraginaceae (n = 5) families. AL group of plants showed less botanical families (n = 16) than NT (n = 23) and EN (n = 24) groups. Consequently, EN and NT species of IV Region of Chile have a higher radiation in botanical families regard to species divergence. When the number of species were compared among life forms, the differences were clearer. In this sense, AL plants had a remarkable dominance of annual species of Poaceae (n = 34) compared with biennials (n = 3) and perennials (n = 10). In contrast, NT group presented less annual (n = 22) and more perennial (n = 13) species. This group even had two phanerophytes and one subfruticose taxon. Finally, EN group included the same number of annual species (n = 22) but an increase in perennial (n = 15), phanerophytes (n = 5) and subfruticoses (n = 4) life-forms. Consequently, the dominance of annual grasses was different in AL species (77%) respect to NT (60%) and EN (48%) groups.




3.2. Relationship of Rainfall, Season and Grazing System with Biomass and Botanical Composition


The relative influence of rainfall, season and grazing systems was also studied in AL, EN and NT groups [47] (Table 2). Biomass of AL species was affected by rainfall and seasonality but not by grazing management (Table 2). Despite these results, non-significant slight changes can be observed in the AL species for the three different grazing treatments since 1983 (Figure 3). In contrast, NT species showed a significant decrease according to annual changes (Table 2) since 1983 in the three grazing managements (Figure 4). In the last year of sampling (2002), an increase in biomass of NT species was observed, especially in deferred grazing management (Figure 4). NT species also varied significantly in relation with seasonality and rainfall (Table 2). Finally, EN species showed significant changes in abundance respect to grazing systems, season and rainfall (Table 2 and Figure 5). The three groups of plants (AL, EN and NT) showed minimum values during 1988 (Figure 3, Figure 4 and Figure 5), the driest year in the sampling period.




3.3. Relationship of Rainfall, Season and Grazing System with Richness, Dominance and Diversity


Rainfall and seasonality were related to S, H′ and d changes for AL, NT and EN species (Table 2). Grazing system only affected to Berger–Parker’s dominance in the three groups (Table 2). S and H′ did not show significant differences between grazing managements (Figure 6 and Figure 7 and Table 2) and presented minimum values during 1988, the driest year registered in the sampling period (Figure 6, Figure 7 and Figure 8) that showed an increment in Berger–Parker’s dominance. The Spearman’s correlations in biomass between plant groups gave additional information on symbiotic or competence relationships (Table 3). All the plant groups showed positive correlations but only significance in certain cases. Moreover, competence did not exist between AL, NT and EN species for rainfall, season and grazing managements. AL species showed positive significant correlations with NT (r = 0.533; p < 0.001) and EN (r = 0.674; p < 0.001) species during dry years. AL and EN species were positively correlated during spring (r = 531; p < 0.001) and fall (r = 0.674; p < 0.001). Contrary to these results, the interactions between EN and NT species were not so intense (Table 3). Only in dry years (r = 0.372; p < 0.001), in excluded areas (r = 0.292; p < 0.001) and during the winter season (r = 0.279; p < 0.001) can positive correlations be observed. Considering the whole set of positive correlations, we determined that the softest association was established between NT and EN species and secondly between NT and AL species. The highest positive association was registered between EN and AL species, the two groups that were further in origin, taxonomy, life forms and ecological adaptations.




3.4. Overall Differences between Grazing Treatments


Dunn’s test shows significant differences between grazing treatments for B, d, H and S parameters (Figure 9). In the case of the Berger–Parker dominance index, the areas under deferred grazing show significantly higher values (Figure 9A). In terms of biomass, the exclusions are significantly more productive than the areas under continuous grazing (Figure 9B). The zones under deferred grazing show intermediate characteristics. On the other hand, excluded areas show higher species richness (S) than areas under deferred grazing (Figure 9C). Areas under continuous grazing show intermediate values. Finally, under deferred grazing, significant differences are observed in the lower H values with respect to the rest of the treatments, which are similar (Figure 9D).





4. Discussion


This paper demonstrates that in Northern Chile, as in many arid areas around the world, inappropriate land managements derived from colonial period, overgrazing and a reduction in rainfall by climate change are the main causal factors of desertification [14,38]. Our results complement previous researches that attribute this process to the expansion of AL species introduced by Spanish conquerors [22,23]. AL plants are not well adapted to these arid environments [69] because in their area of origin annual rainfall exceeds 500 mm. This is far from the average precipitation in CEALC area [10]. During the study period, only one extreme precipitation event approached the optimum rainfall value for AL species. This was in 1997 during a particularly low ENSO when 447.5 mm of precipitation was recorded. Despite the higher water requirements of the AL species respect to others, their propagation capacity is much higher than NT and EN species, both by vegetative methods and by seed. Therefore, during wet years these species would expand so much that they would compensate for their lesser adaptation to dry environmental conditions. On the other hand, we should not forget that AL species are more resistant to overgrazing than NT and EN species [7]. This is due to both their high levels of anti-nutritive compounds [70,71], higher seed production and faster vegetative growth [72]. These seeds, when left in the soil, would act as a reservoir that favors pulse expansion during wet years. Moreover, AL Spanish grassland species had coevolved together with ruminants during millennia [73]. In fact, AL plants have developed propagation systems based on endozoochory and epizoochory [74] that are very different to the autochory and allochory dispersion mechanism common in arid rangelands [75]. In this sense, it is very possible that the criollo goats are favoring the AL species by transferring their seeds either in their wool or through their feces. Further work should analyze this point by assessing these dispersal mechanisms that are common in the areas of origin of the AL species. By all these considerations, AL and AU species (both NT and EN) are not competitors even showing positive interactions. A possible explanation of this unexpected symbiotic effect is related to the higher growth rates of AL species during wet years. This could increase the levels of dry biomass and therefore soil nutrients that will be used by NT and EN species during the following dry years [76]. This theory is supported by certain studies that show a reduction in competence and more intense symbiotic relationships between life-forms when the aridity increases [77]. Other studies relate a higher radiation in life-forms with an increment in the climate variability [75]. In this sense, the theory of ecological stability explains that under intense interannual climatic oscillations, local species decrease competence and increase symbiotic relationships for a joint benefit on the whole grassland community [78,79,80]. This theory is concordant with the positive correlations, observed in this study, between AL, NT and EN species. In contrast, AL group of species presents a dominance of annual grasses. This is other indicator of the higher adaptation of AL species to intense grazing conditions but it explains the less efficiency to drought conditions too.



Regard to the effect of grazing treatments, any significant difference was observed in AL species, whereas NT and EN plants show marked changes by its low resistance to grazing. Historically, Chilean flora of IV Region had evolved in absence of big ruminants with the exception of the Guanaco (Lama guanicoe Müller), which shows low densities in the area. Moreover, this mammal has a very marked seasonal grazing behavior in IV Region of Chile using high altitudes during spring and summer and low areas during winter. The author of [81] describes the diet of Guanaco in North Chile as highly selective. In contrast, goat grazing behavior is moderately selective for the study area [23]. Therefore, Chilean flora have evolved without the selective pressure of intense continuous grazing. This explains desertification in Northern Chile and not the competence with AL species. Another factor affecting desertification in North Chile is the free-ranging goat management. Some studies show that herds managed by shepherds not only desertify less, but also feed on a greater variety of forage resources [5]. We believe that this traditional free-ranging management can cause that goats feed even more on endemic and native plants.



The use of grazing exclusions have been emphasized as a good conservation practice for local species in many rangeland areas [82,83]. Exclusions show an intense recharge of seed bank that produces low inter-annual fluctuations in primary production [84,85]. Moreover, exclusions are an excellent strategy in terms of a larger general biodiversity conservation. In fact, this management system preserves many endangered species of flora and fauna [26]. Complementary to the use of exclusions, previous studies related deferred grazing with the increase in NT species [7]. In the Coquimbo area, deferred grazing results in the increase of the forage annual grass Bromus berterianus Colla. This species is adapted to the short period of grazing that the guanaco uses naturally [86,87,88]. In fact, deferred grazing, alone or combined with rotational grazing, appears as the best solution for Mediterranean rangelands [89]. Moreover, this management strategy limits soil erosion during the intense rainfall events by the higher abundance of plant biomass [26]. Moreover, deferred grazing (as exclusions) increases the seed bank levels too, causing smaller inter-annual fluctuations in grassland production [90]. This treatment enables farmers a better analysis of their future expenses in fodder and other supplements for ruminants [91].



From a methodological point of view, parameters such as diversity and dominance, are very useful for testing the effect of grazing management. In this sense, Berger–Parker’s dominance is a good indicator of changes in AL species [7] increasing during overgrazing [92,93,94]. Other studies consider H′ and S as good indicators in semiarid rangelands [95]. However, in arid environments of North Chile H′ and S do not show significant changes according to grazing management.



Since an agroecological approach, it is very important to find strategies of compatibility between farmers’ needs and nature conservation for these semiarid areas [96,97]. In this sense, a network of exclusions located in the main types of ecosystems of the IV Region of Chile could decrease the loss of natural taxa by overgrazing. Combining this network with deferred grazing would be possible to increase the sustainable incomes of rural areas and simultaneously guarantee conservation of natural resources. Moreover, this strategy have positive effects of carbon footprint of rangelands [98]. All these aspects are relevant in order to put in value one of the most degraded semiarid areas in the world.




5. Conclusions


The unappropriated goat grazing management is one of the most relevant factors of desertification in Northern Chile. Moreover, climate change and biological invasion of alien grassland species contributes to an intense loss in biodiversity. Applying economic efforts on these last factors can have null effects. However, grazing management is partially a cultural question. In many areas of the world, a combination of deferred grazing and exclusions have permitted increasing the productivity of arid rangelands and simultaneously conserving wildlife species. In this sense, the present work clearly shows, across many years of sampling, that this grazing system is a valuable alternative for one of the areas under a stronger risk of desertification in the world.
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Figure 1. Location of the exclusions to grazing at Las Cardas Range Station (CEALC) (IV Region of Chile). The river and the road limit the three independent zones where the exclusions (A–G) described in detail in the section of Supplementary Materials are located. 
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Figure 2. (A) Rainfall at Las Cardas Range Station (CEALC) from 1977 to 2005. Red dotted line (slope 1.08, not significantly difference from 1.00) is the linear regression of rainfall vs. year. (B) Average monthly rainfall in the same period. 






Figure 2. (A) Rainfall at Las Cardas Range Station (CEALC) from 1977 to 2005. Red dotted line (slope 1.08, not significantly difference from 1.00) is the linear regression of rainfall vs. year. (B) Average monthly rainfall in the same period.



[image: Ecologies 02 00020 g002]







[image: Ecologies 02 00020 g003 550] 





Figure 3. Annual changes in biomass of allochthonous species at Las Cardas Range Station (CEALC) under continuous (C), deferred (D) and exclusion (E) grazing treatments. 
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Figure 4. Annual changes in biomass of native of Chile species sampled at Las Cardas Range Station (CEALC) under continuous (C), deferred (D) and exclusion (E) grazing treatments. 
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Figure 5. Annual changes in biomass of endemic species of IV Region of Chile sampled at Las Cardas Range Station (CEALC) under continuous (C), deferred (D) and exclusion (E) grazing treatments. 
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Figure 6. Changes in richness of species at Las Cardas Range Station (CEALC) in continuous (C), deferred (D) and exclusion (E) grazing treatments. 
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Figure 7. Changes in Shannon entropy at Las Cardas Range Station (CEALC) in continuous (C), deferred (D) and exclusion (E) grazing treatments. 
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Figure 8. Changes in Berger–Parker dominance at Las Cardas Range Station (CEALC) in continuous (C), deferred (D) and exclusion (E) grazing treatments. 
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Figure 9. Box plots (means, standard deviations and ranges) of Berger–Parker dominance (A), biomass (B), species richness (C) and Shannon diversity (D) between continuous, deferred and excluded area grazing. Letters indicate groups showing significant differences according to Dunn’s non-parametric test of variance with post-hoc comparison. 
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Table 1. Sampling effort (number of point-quadrats) across seasons and years in Las Cardas Range Station (CEALC) (Coquimbo, Chile).
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	Season
	1983
	1984
	1985
	1986
	1987
	1988
	1991
	2002





	Spring
	11
	33
	33
	24
	55
	0
	54
	0



	Autumn
	12
	31
	24
	0
	0
	29
	0
	0



	Winter
	11
	33
	33
	33
	56
	56
	0
	115
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Table 2. Percentage of total explained variance determined by Hierarchical Partition procedure. Z-scores of randomization test of hierarchical partitioning are shown between brackets. Asterisks represent the significance based on upper 0.95 confidence limit (Z >= 1.65). ns: non-significant differences.
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	Parameter
	Type of Year
	Season
	Grazing System





	Allochthonous species (Kg ha−1)
	19.89 (5.83 *)
	73.07 (10.27 *)
	7.05 (0.07 ns)



	Native species (Kg ha−1)
	32.17 (18.99 *)
	54.57 (24.29 *)
	13.25 (7.15 *)



	Endemic species (Kg ha−1)
	35.53 (13.16 *)
	31.94 (8.60 *)
	32.54 (7.85 *)



	Richness (S)
	52.87 (67.91 *)
	44.62 (22.64 *)
	2.51 (0.53 ns)



	Dominance (d)
	22.04 (9.91 *)
	70.42 (25.31 *)
	7.54 (1.92 *)



	Diversity (H′)
	42.92 (31.17 *)
	54.49 (22.80 *)
	2.59 (0.19 ns)
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Table 3. Spearman’s correlations between the biomass of three groups of plants: allochthonous, native and endemic. *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001. ns: non-significant differences.






Table 3. Spearman’s correlations between the biomass of three groups of plants: allochthonous, native and endemic. *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001. ns: non-significant differences.





	Factor
	Allochthonous−Native
	Allochthonous−Endemic
	Native−Endemic





	Continuous grazing
	0.085 ns
	0.291 ***
	0.148 ns



	Deferred grazing
	0.212 **
	0.480 ***
	0.148 ns



	Exclusion to grazing
	0.256 **
	0.255 **
	0.292 **



	Wet years
	0.046 ns
	0.179 **
	0.088 ns



	Dry years
	0.533 ***
	0.494 ***
	0.372 ***



	Spring
	−0.022 ns
	0.531 ***
	−0.039 ns



	Fall
	0.089 ns
	0.674 ***
	0.022 ns



	Winter
	0.232 ***
	0.137 *
	0.279 ***
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