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Abstract

:

The high grain yield of modern varieties (MV) respond to the increase in fossil-based inputs, and the widespread belief that they are more productive than old varieties (OV) is biased. This belief focuses only on marketable biomass, without considering the consequences on agroecosystem sustainability of the reductions in other portions of NPP. Additionally, field comparisons of OV and MV were normally conducted under industrialized farming conditions, which is detrimental for OV performance. Both trials carried out in this study comparing wheat OV and MV show that, under Mediterranean rainfed conditions and traditional organic management, aerial and belowground biomass production of OV is higher than that of MV, without significantly decreasing yield and enabling a better competition against weeds. From the data of our trials, bibliographic review and information from historical sources, we have reconstructed the NPP and destinations of biomass of Spanish wheat fields (1900–2000). Varietal replacement entailed the reduction in residues and unharvested biomass (UhB), which involved soil degradation in rainfed cereal fields and undermining heterotrophic trophic webs. Our results suggest that OV can increase the sustainability of rainfed Mediterranean agroecosystems at present through the improvement of soil quality, the reduction of herbicides use, and the recovery of biodiversity.
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1. Introduction


The replacement of old varieties (OV) by modern (MV) ones was inextricably linked to the agrarian industrialization process, and can be considered the cornerstone of the Green Revolution, because new varieties were specifically designed to respond with yield increases to the incorporation of inputs of fossil origin [1,2,3].



The varietal change was especially intense in cereals. The high proportion of global cropland area dedicated to these crops and their relevance in human diet placed them at the center of breeding programs by the experimental stations that led the Green Revolution. With regards to wheat, the effect of varietal replacement on grain yield has been outstanding [4] and has led to the widespread belief that MV are more productive than OV [5,6,7,8].



However, this statement must be put into context. In the first place, because it assumes one part (the grain) to be the whole (net primary production); Secondly, because most of the comparative tests between types of varieties are carried out under conditions of industrialized agriculture.



The conception of the marketable biomass (mainly grain) as the only important one is reductionist and has entailed the abandonment of the functions that the rest of the biomass plays in the agroecosystems. It is well known that the sustainable management of an agroecosystem depends on the levels of biodiversity and soil organic matter (SOM), the appropriate replenishment of soil fertility, and the possibilities of closing biogeochemical cycles on a local scale, among other factors [9]. This implies that a significant part of the biomass generated must recirculate to perform the basic productive and reproductive functions of the agroecosystem: seeds, animal labor, soil organic matter, biodiversity, and so forth. In other words, in order to be sustainable, the agroecosystem functioning must be based on internal loops of biomass with low dependence on the external incorporation of energy. High density of internal biomass loops (and, therefore, of energy) maintains an adequate quality of the agroecosystem with low entropic costs and, consequently, maintaining the long-term social extraction of biomass and the provision of ecosystem services [10,11,12,13] (pp. 41, 45).



In short, the maintenance of internal loops in agroecosystems is directly related to the use of a significant part of net primary production to fuel them. This has major implications when it comes to calculating net primary productivity (NPP), which must then be broken down into different categories according to its productive or reproductive functionality [10].



Regarding wheat, there is a broad consensus that the grain yield increase of the Green Revolution cultivars is explained by the increase in Harvest Index (HI) and not by the increase in aerial biomass with respect to OV, the latter remaining stable [5,6,14,15]. Therefore, the increase of biomass for human society has been done at the expense of biomass that fed other chains of heterotrophic organisms and that allowed both the accumulation of edaphic organic matter and the recycling of nutrients. However, these studies frequently do not account for all the NPP and do not consider the root and weed biomass. In accounting for these, the hypothesis that varietal substitution has been a direct cause of the deterioration of agroecosystems, and not only the use of inputs from fossil origin associated with MV, could be reinforced or discarded.



On the other hand, most field experiments comparing old and modern wheat varieties are carried out under conditions of industrialized agriculture [5,6,7,8,14,15]. This situation introduces a strong bias in the comparison, since OV were selected under very different management conditions. Therefore, it is convenient and necessary to explore the potential of OV biomass production in their proper context. That is, applying an Experimental History approach that recreates the traditional organic management in which these varieties were selected. The information obtained would have two obvious uses. The first one, for those researchers (ecologists, agrarian historians, etc.) that need to estimate the NPP of traditional agroecosystems from historical sources, these sources usually only provide information of the harvested biomass. In this case, the calculation of the NPP should be based on adequate partitioning indices for OV under traditional management. In the second place, agroecologists, agronomists, etc. involved in the design and evaluation of sustainable agroecosystems need to assess whether the biomass that is not extracted from the agroecosystems is enough to maintain the quality of the agroecosystem fund elements (soil, biodiversity, etc.). In this sense, an appropriate varietal choice must respond not only to productivity criteria, but also to sustainability.



Conversely, the performance and partitioning indices of MV under modern management are better documented in the scientific literature, and it is not essential to carry out additional trials.



Our hypothesis is that, under conditions of traditional organic agriculture, OV are equal or more productive than MV, whether considering the grain or the NPP. However, they would have lower HI than MV, both under organic traditional management and under conventional practices. Both aspects, higher NPP and lower HI, would have enabled OV to recycle larger quantities of biomass in the agroecosystem in the past and, with it, the maintenance of the quality of the agroecosystems fund elements, with respect to MV in the present.



To test our hypothesis, we have focused on rainfed wheat under Mediterranean agro-climatic conditions. Wheat are fundamental crops in the Mediterranean culture consist of the Mediterranean Trinity: wheat, vine, and olive. The first complete statistical analysis of agrarian production in Spain shows that wheat occupied 4.2 Mha in 1922, and was 94% cultivated under rainfed conditions (22% of the cropland approx.) [16]. Currently, it occupies 2.2 Mha, and is 86% under rainfed conditions (14% of the cropland approx.) [17], reaching 25% of the harvested area of the coastal Mediterranean countries (excluding France) [4]. This remarkable occupation of the territory confers to wheat varietal change a great capacity to modify Mediterranean agroecosystems.



The Mediterranean climate is characterized by mild, wet winters and hot, dry summers, and it is localized in five areas around the world. Most of its subtypes can be classified as semi-arid, and rainfed crops are usually exposed to water deficit conditions. Cropland soils in Mediterranean areas have low soil organic matter contents due to climate limitations to NPP. The water deficit and the low soil organic carbon content (SOC) make Mediterranean agriculture very vulnerable, both to the cyclic drought events and to the current process of global climate change. The low NPP also hinders the balance between alternative uses: human consumption, maintenance of the soil quality, livestock feeding, and wild fauna feeding. This fragile balance could be substantially modified due to changes in the morphology and physiology of cereals promoted by the Green Revolution, altering the quality of the fund elements of Mediterranean agroecosystems.



In particular, our objectives have been the following: (a) to quantify the NPP of old and modern wheat cultivars, under two representative traditional organic management types; (b) to quantify biomass allocation in wheat plant and within cultivated plots (grain, straw, husk, roots and weed biomass) under these management conditions, as well as the related partitioning indices; c) to define the biomass partitioning indices of MV under industrialized management in Spain, through a bibliographic review; (d) to apply the biomass partitioning indices obtained by both routes to the estimate of the NPP of wheat fields in Spain throughout the 20th century; (e) to model the biomass flows according to their destination in the same period of time; (f) to discuss to what extent the alteration of the production and end-uses of the biomass has been able to alter the fund elements (soil, biodiversity) quality in these agroecosystems.




2. Materials and Methods


2.1. Data Collection


The selection and definition of the main traditional organic management of wheat in the early 20th century in Spain has been based on the review of historical sources [18]. The selected organic managements are those applied to rainfed wheat under contrasting soil quality conditions. In most fertile soils, wheat was planted in rotation with a legume and amended with manure. At the other end of the typical soil quality range, in lower quality lands, wheat was cultivated in “one third rotation” (wheat-fallow-fallow), without application of manure. Under intermediate intensity management (e.g., wheat-fallow, wheat-legume-fallow...) the behavior of wheat varieties should be also understood as intermediate between both extremes. Table 1 summarizes tasks performed in trials under both selected managements. From these trials we have averaged the biomass partitioning indices of OV under traditional management.



We have reconstructed the evolution of yield and harvested straw from the construction of eleven points in time between 1900 and 2000, using 5-year averages to buffer year-to-year variability. Sources used in our study are the statistics provided by the Spanish government, with different quality and frequency from 1900 to 2000 [16,17,18,19,20,21]. The statistical information refers to fresh matter.



HI and aerial weed biomass of MV under modern management come from a bibliographic review of scientific literature. Data selected come from field experiments under rainfed Mediterranean agroclimatic conditions (see Tables S1 and S2, Supplementary Materials). Aerial weed biomass values found in this revision show a high dispersion, which gives rise to a high standard deviation of the mean. Therefore, a sensitivity analysis with a weed-free scenario was performed.



Direct estimates of root biomass comparing OV and MV are very scarce. The few studies found indicate that wheat OV has a more developed root system and increases the root—shoot (R:S) ratio with respect to MV [22,23,24]. On the other hand, there are many other factors (edapho-climatic, management, etc.) that affect the ratio between root and aerial biomass [25]. This means that shoots and roots respond differently to changes in environmental conditions. For example, in areas with a Mediterranean climate, the R:S ratio is usually larger than in areas of higher precipitation, due to the need to spread roots over a larger soil volume to capture enough water [26].



On the other hand, organic management seems to favor root development compared to industrialized management [27]. In general, this ratio decreases with management changes that promote yield, including synthetic nutrient inputs [27,28,29] and irrigation [30]. Consequently, using a fixed amount of root mass (“Fixed root mass”) may lead to better fit with experimental data than a using a fixed R:S ratio [27,29,31]. However, Wiesmeier et al. [32] suggest that the R:S ratios of crops may have even increased in recent history. Given this controversy, we have built a R:S ratio throughout the 20th century that tempers the impact of changes in aerial biomass on root biomass that reflects the percentage differences in this index between OV and MV and organic and industrialized management (Table S5). For 1900–1933, the root: shoot ratio (0.36) comes from our own trial. This ratio has been multiplied by aerial biomass of wheat for those years (calculated from the grain yield from historical sources already mentioned and HI from our experimental field), to obtain root biomass. In 1940–50, the ratio applied was greater, to temper the fall in aerial biomass caused by the Spanish Civil War (1936–39), since under conditions of lower productivity root biomass remains more stable. For MV in 2000, the R:S ratio comes from data provided by recent trials conducted in Spain under rainfed conditions [33,34,35]. This ratio has been multiplied by wheat aerial biomass for that year to obtain root biomass. Ratios for 1980 and 1990 have been modulated so that root biomass maintained similar values to the year 2000. The period between 1960–70 has been considered as a transitional period, and the R:S ratio has been calculated considering that the varietal substitution was 50% for 1960 and 75% for 1970.



Weed root biomass has not been considered in this study because it lacks minimally reliable data on which to base it. In the absence of trials in which this variable has been measured, regardless of the agroclimatic conditions, it must be added that the weeds complex present in plots cultivated with OV under organic management is different from that of MV under industrialized management [36] and, therefore, it is not possible to attribute the same R:S ratio for weeds in this study.



Lastly, indices applied to calculate wheat biomass destinations (human, animal, unharvested biomass) throughout the 20th century come from FAOSTAT [4] and the Spanish statistical yearbooks [17]. FAOSTAT [4] offers annual data on grain destinations since 1961, while the Spanish yearbooks [17] offer straw harvest data. In the case of grain, for previous times we have assumed the same percentages as for 1960, since the industrialization of Spanish agriculture was just beginning. The share of straw burned comes from Soto et al. [37] (Table S3).




2.2. Trials: Site Description and Experimental Design


Two field experiments were carried out at two locations in Southern Iberian Peninsula, Sierra de Yeguas (37°07′26″ N 4°52′07″ W) and Ronda (36°44′14″ N 5°09′53″ W) (Málaga province). Both farmlands had been under organic management for the previous 15 years. To cover for interannual variability, the field experiments were carried out during three consecutive growing seasons (2013–2016). The main soil properties of the experimental sites are shown in Table S4. Annual precipitation was 56.4% and 81.9% of the mean value, for Sierra de Yeguas and Ronda, respectively (Table 1). The same old (Rubio, Recio, Sierra Nevada, Barbilla Roja, Rojo Pelon, Blanco Verdial) and modern (Avispa, Simeto, Vitron, García, Marius, Artur Nick) durum and bread wheat varieties were sown at both locations. OV were landraces grown during the first third of the 20th century in the region. Their seeds came from the Phytogenetic Resource Centre of the National Agrarian Research Institute of Spain (CRF-INIA). MV were chosen among lately released, currently used varieties, considering their good reputation among farmers in the area.



The farmland at Sierra de Yeguas was cultivated with a two-year crop rotation called ruedos, consisting of wheat and faba bean (Vicia faba). Both species were grown in adjacent plots, interchanging cultivation plots each year. Before wheat seeding in the first year of the rotation, 3 t ha−1 of manure was applied, but none to the faba bean crop. Weeds were controlled by hand. The farmland at Ronda was cultivated with a wheat-fallow-fallow rotation (one-third rotation). No weed control or fertilization were applied to the soil.



Both fields were planted between October 29 and November 19. Sowing rate was 200 kg ha−1 for wheat and 110 kg ha−1 for faba bean. Harvest took place between May 21 and June 23. Wheat and faba bean were seeded and harvested at the same time. Each trial consisted of a completely randomized block design with four blocks separated by a non-seeded stripe 1m in width. Plots were 6 × 4 m size.




2.3. Sampling Method


At the end of the wheat cycle, samples of aerial weed and wheat biomass were taken from the plots. Aerial net primary productivity (NPPa), which includes total crop dry matter and total weed dry matter sampled at the end of the cycle. Grain yield, straw and husk biomass production, and weed biomass were determined in 0.5 × 0.5 m squares randomly thrown at the center of each plot, following the simple random sampling (SRS) method. For wheat and weed biomass, plants inside the square were cut at ground level. Wheat plants were separated into spike and stem. Wheat and weed biomass were dried at 70 °C to obtain dry weight. Fresh spikes were previously threshed to separate grain and grain husk. The ratio between weed biomass and NPPa (weed:NPPa ratio), i.e., the share of agroecosystem biomass allocated to weed, was also calculated.



Root biomass was sampled at post-anthesis for cultivars planted at Sierra de Yeguas, at the third year of the experiment (2016). Two soil cubes of 25 × 25 × 25 cm were extracted at the center of each plot, washed, and sieved (2 mm) at farm-gate. At the laboratory, root biomass was washed, extracted, and estimated following Metcalfe et al. [38]. The extrapolated value of root biomass, on the basis of the logarithmic equation obtained through this method, increased by 20% and 17% the extracted root biomass of OV and MV, respectively. The R:S ratio was calculated as the ratio between root and aboveground wheat biomass dry matter.




2.4. Modelling of NPP and Biomass Fluxes According to Their Destiny


From wheat yield and cultivated area in each point in time, and from the information (HI, root: shoot ratio and weed biomass) obtained from trials, for OV, and the bibliographic review, for MV, we have modeled the impact of the varietal change on the NPP per hectare in wheat fields throughout the 20th century. Based on Pujol-Andreu [39] and Sánchez-García et al. [8], we have considered that until 1950, OV under traditional management represented 100% of the cultivated area. From 1980, the same happens with MV under modern management. In the transition period, a progressive substitution of 50% for 1960 and 75% for 1970 has been considered (Table S5).



Subsequently, we have broken down the NPP into biomass flows according to their destination at each moment (Table S6).





3. Results


3.1. Experimental Fields Results


3.1.1. Net Primary Productivity (NPP) and Its Components of Both OV and MV under Organic Managements


Aerial Net Primary Productivity (NPPa) ranged from 1249 kg ha−1 produced in old wheat plots in the one-third rotation in 2014, to 11,807 kg ha−1 of old wheat plots in the wheat-faba bean rotation in 2014 (Table 2).



In the wheat-faba bean rotation, plots cultivated with OV had significantly higher NPPa than those cultivated with MV in 2014 and 2016 (27% and 17% higher, respectively). Straw productivity was significantly higher for OV during the three growing seasons (62%, 31% and 30% higher, respectively). Husk productivity was significantly higher for OV only in 2014 (86% higher). While significant differences for grain yield were found in 2014 and 2015, with 79% higher and 36% lower yield for old wheat comparing it to the modern one, respectively. However, weed biomass was significantly higher in MV plots during the three growing seasons (53%, 1233% and 102% higher, respectively). Regarding root biomass, OV produced significantly more biomass tan MV in 2016 (41% higher), the only year in which root production was measured.



In the one-third rotation, OV plots had significantly higher NPPa than modern ones for the three years (40%, 39% and 22% higher, respectively for 2014, 2015 and 2016). Straw productivity was also significantly higher for OV during the three growing seasons (60%, 82% and 55%, higher, respectively). Likewise, husk productivity was significantly higher for OV (111%, 70%, and 55% higher in 2014, 2015 and 2016). Contrarily, significant differences for grain yield were only found in 2014, with a 67% higher yield for old wheat compared to the modern one. Regarding weed biomass, we only found significant differences in 2016, when plots cultivated with MV produced 34% higher weed biomass.




3.1.2. Biomass Allocation and Partitioning Indices


Biomass allocation has been proved to be different for OV and MV in both organic trials. Considering only aerial wheat biomass, the grain represented 22% to 26% of the NPPa in OV, and 30% to 35% in MV (for wheat-faba bean and one third rotations, respectively). In both cases, the increase is 35% in MV with respect to OV. In the wheat-faba bean rotation, if we take root biomass into account, the grain goes from representing 17% of the total wheat biomass in OV, to 24% in MV (39% more for MV) (Figure 1a).



Considering the whole plot, that is, including weeds, the accumulation of aerial biomass in the grain of MV is still higher than that of OV. However, the increase is reduced to 25 and 22% (wheat-faba bean and one third rotations, respectively). In wheat-faba bean, if we include root biomass, the increase is reduced from 39% to 30% (Figure 1b). The reduction of the difference between varieties in biomass allocation to grain (whether accounting for root biomass or not) is due to the greater contribution of weeds to biomass of plots cultivated with MV, when comparing to OV. This indicates a lower capacity of MV to compete with weeds.



Averaged weed biomass from both organic managements (562 kg d.m. ha−1) will be used in the modelling of NPP of OV under organic farming in Spanish wheat fields (Section 3.2).



As a consequence of the different allocation of biomass, the partitioning indices vary between types of varieties and with management (Table 3). In the wheat-faba bean rotation, HI ranged 0.211–0.238 and 0.206–0.393 for OV and MV, respectively. No significant differences were found in 2014 and 2016, while it was 39% significantly lower for OV in 2015. Finally, OV had significantly lower Weed:NPPa ratio values than modern ones (44%, 93% and 55% lower values in 2014, 2015 and 2016, respectively).



In the one-third rotation, HI ranged from 0.193–0.308 and 0.219–0.389 for OV and MV, respectively. The difference was significant in favor of MV in 2015 and 2016, with an increase of 26% and 49%, respectively, with respect to OV. Lastly, OV plots showed a significantly lower Weed: NPPa ratio for 2014, 2015, and 2016 (44%, 38% and 37% lower, respectively).



Mean HI of OV is similar under both organic managements (0.228 and 0.237 for the wheat-faba bean rotation and the one-third rotation, respectively), being the average of both (0.232) used in calculations of the NPP in Section 3.3. The intensity of the organic management does not seem to have affected the HI of MV either (0.287–0.298), being higher the influence of the growing season.



Lastly, the R:S ratio was 0.36 for OV in the wheat-faba bean rotation in 2016 (Table 2).





3.2. Total Wheat Production and Cultivated Area for Spanish Wheat Fields in the 20th Century


The wheat area cultivated under rainfed conditions in Spain increased from 3.4 to 4.3 Mha in the first third of the 20th century (Figure 2). This trend was broken with the Spanish Civil War (1936–1939), which meant the loss of almost 1 Mha. From 1940, the surface recovered and reached 3.9 Mha in 1950. The next two decades show a great stability, but since the 80s, the surface area falls sharply due to the abandonment of the less productive rainfed croplands [40] and the replacement of cereals by olives. After the entry of Spain into the European Union [40] many cereal drylands were abandoned due to the subsidies that the EU started to give through the common agrarian policies (CAP) to farmers who dedicated land to the production of olive oil.



Total grain production followed a similar trend until 1960. Varietal substitution with cultivars from foreign origin and other selected in Spanish research centers had begun with some entity in the 1950s. These varieties were, in general, long-stemmed, with some exceptions harboring Rht dwarfing alleles, such as Mara, Impeto or Estrella varieties [15,39]. These varieties, despite being long-stemmed, produced more grain than OV, so their HI was higher than those of OV (0.40 on average according to Sánchez-García et al. [15]). Their presence in the Spanish fields was progressive, and contributed to the increase in yield (Figure 3) and total grain production in the 1960s and 1970s (Figure 2). But it was from the mid-70s that semidwarf varieties from CIMMYT were introduced, with varietal substitution being very rapid [8,39]. As a result, wheat yield doubled in the 1980s compared to 1950, and continued to grow until the year 2000 (Figure 3), so that, despite the drastic fall in area, total grain production grew to reach 5.2 Mt (Figure 2).



Likewise, harvested residues followed a similar evolution than surface and grain production until 1970 (Figure 2). As of this date, they fell sharply due to the disappearance of traction animals and the intensification of animal husbandry in Spain, which relied on compound feed [40].




3.3. Modelling of NPP and Biomass Destinies for Spanish Wheat Fields in the 20th Century


On the basis of yield, we have calculated the NPP of wheat fields in the 20th century (Figure 3a). During the first third of the century, the average wheat yield remained fairly stable, with a slight upward trend (it rose from 725 kg d.m. ha−1 in 1900 to 796 kg d.m. ha−1 in 1933), derived from a slight degree of rotations intensification and the incipient use of fertilizers [37]. The different NPP components reflect this stability, since neither the cultivated genetic material nor the weed control technology were altered. In the 1940s, the yield loss associated with the Spanish Civil War would also be reflected in aboveground wheat residues (Figure 3b) and NPP (Figure 3a), but foreseeably not in the rest of the components. As we explained in the methodology section, the R:S ratio tends to decrease under conditions of higher fertilizer and water use intensity, conditions that did not occur here. Weed biomass should not have changed significantly either, since the capacity of OV to maintain weeds in relatively low populations remained unchanged. If so, it could have increased slightly, especially in 1940, due to the difficulties of carrying out the manual weeding work traditionally practiced. Between 1960 and 1980, from the beginning and end of the varietal replacement process, wheat yield increased by 62%. However, NPP did not exceed that of 1933, because the moderate increase in yield and the higher weed biomass under modern management did not compensate for the reduction of root and stem biomass due to the incorporation of the new varieties. Finally, we identify a last period (1990–2000) in which the NPP in wheat fields exceeded what was reached in the first third of the century (Figure 3a). In this period, the yield increase (160% with respect to 1960) and the biomass associated with this increase did compensate for the relative reduction in residue production. In 1990, for the first time, the residues produced exceeded those of the first third of the century (Figure 3b).



Given that a part of the residues produced was extracted from the agroecosystem for animal feed, we must disaggregate it by use in order to quantify the residue biomass actually available to maintain the biophysical quality of the agroecosystems and allocate it above or below ground. The residues harvested for use by livestock have remained fairly stable in absolute terms (Figure 4a). However, in relative terms, the residue harvest increased during the 1960–70 period (Figure 4b), due to the fall in total residue production caused by the varietal replacement (Figure 4a). Subsequently, the relative extraction was reduced by the increase in residue production due to the yield increase (Figure 4b). Initially, this residue overproduction is partially burned by farmers, until legal restrictions were imposed [41] (Figure 4b). Given the stability of the straw biomass extracted per hectare, the aboveground unharvested biomass (AUhB) evolves following the trend of the aerial biomass (Figure 3b and Figure 4c). The slight increase in the first third of the century is interrupted, first by the armed conflict and, subsequently (1960–70), by the fall in the residue production due to varietal replacement. In 1980, aerial residue production was recovered at the 1933 level, if we consider weed biomass (Figure 4c), and it was surpassed in 1990–2000 due to the significant increase in residue production and the stability of consumption by livestock. If weed biomass is not considered (Figure 4d), the recovery of the AUhB is delayed, and it does not reach the previous records until 1990. Nevertheless, the belowground unharvested biomass (BUhB) falls and does not recover, once the varietal change occurs (Figure 4c,d). The impact of unharvested biomass (UhB) changes on fund elements (soil and biodiversity) are discussed in the following section.





4. Discussion


4.1. Comparison of Old and Modern Varieties Under Two Traditional Organic Managements


Results from the trials show that OV are more productive than MV under those management conditions in which the former were selected, that is, they produce more biomass than modern ones. And this was true for both trials, whose grain yield differences were similar to those found in the historical data of both rotations [18,19,42]. That is, under rainfed conditions in semi-arid regions and with organic management, MV do not compensate for the loss of straw production with the increase in grain. On the contrary, MV decreased aerial biomass production in 68% in one third rotation and 80% in wheat-faba bean rotation, when compared to OV. Therefore, there is a net reduction in the productivity of wheat aerial biomass with MV, which gets higher with tighter agroclimatic limitations. Results obtained in the most intensive organic management are similar to those found under Mediterranean dryland conditions under industrialized management, in which Giambalvo et al. [43] found reductions of 13–22% in the NPPa of MV with respect to OV. Carranza-Gallego et al. [44] found 17%. Annicchiarico et al. [45] and Motzo et al. [46] found 9% lower biomass for MV than that of OV.



In terms of grain yield, there are almost no differences between types of variety. However, differences can be found depending on the organic management intensity and soil conditions. The inclusion of the legume in the rotation and the application of manure multiplied by more than five times the yield of wheat. In Ronda, the coarse soil texture surely limited water retention and SOM accumulation, which probably contributed to the low yield observed. On the other hand, averaged grain yield (421 kg d.m. ha−1 for OV and 387 kg d.m. ha−1 for MV) in the one-third rotation is similar to the average yield of conventionally managed wheat in the most arid provinces of Southeastern Spain (Murcia, Almería, Alicante), during the same years of the trials [17], with average rainfall lower than 350 mm. The average grain yield in the wheat-faba bean rotation (2028 kg d.m. ha−1 for OV and 2201 kg d.m. ha−1 for MV) is slightly higher than that of conventionally managed wheat in a rainfed regime in the province of Málaga, where both trials are located, for the years of the study (1753 kg f.m. ha−1) [17]. Higher rainfall during the second growing season in Sierra de Yeguas could have been responsible of the higher yield of MV in 2015, as rainfall is a major factor determining the grain yield of wheat cultivated under rainfed conditions [47]. Additionally, the lower weed biomass of this growing season could have helped MV to produce more grain, as they are not a good competitor against weed. The yield obtained both for OV and MV is within the normal range for the region with industrialized management, in relatively dry years (Table 1). This is probably due to the fact that, under these agroclimatic conditions, increases in grain productivity due to the increase of external inputs are not very relevant, or even nonexistent [48,49]. Specifically, the application of nitrogen fertilizer does not necessarily contribute to higher yields under stressful conditions [50].



The higher root biomass of OV agrees with that obtained in other field trials in the Mediterranean environment [23]. Lopes et al. [51] state that Mediterranean wheat landraces are adapted to low input farming systems and present traits related to drought and heat stress. For instance, their higher root systems might perform higher soil water uptake in deep soil layers [52], allowing for a better adaptation to rainfed conditions. On the other hand, the higher root development of Mediterranean landraces can foster N uptake efficiency [53], as it makes them more capable of recovering soil N from deeper soil than modern cultivars [54]. Higher root biomass would also contribute to a higher accumulation of organic matter in the soil [43], since root biomass is more efficient than aerial biomass for this purpose [55,56]. More SOM increases the water holding capacity of the soil [57] and, thus, water availability for the crop which, under Mediterranean rainfed conditions, implies a higher NPP, including grain. On the other hand, Junaidi et al. [58] show that there is a genotype × environment interaction in relation to root size, and suggest that genotypes with the highest R:S ratios also have the greatest increase in root and aboveground biomass when they are organically fertilized. This suggests that organic management could stimulate root growth in OV, and reinforces the need for further trials under the conditions in which these varieties were generated and not, as usual, under industrialized management conditions.



The weed biomass of plots cultivated with MV is higher in both trials. This result is expected, since wheat improvement is based on the Donald’s ideotype, which is a phenotype with low intra and interspecific competitive ability, but with great capacity to produce more seeds. That is, the increase in wheat grain yield is associated with a reduced competitive ability against weeds [59,60,61]. Plants have different mechanisms to compete with other plants. One of them is the production of higher vegetative biomass, which occupies space and subtracts resources (water, light, nutrients) for the rest. Another mechanism is allelopathy, which negatively affects the germination and growth of other plants. Both mechanisms are present in the OV included in this study [62]. The allelopathic capacity of cereal crops could have been lost in modern cultivars due to breeding programs [63]. Therefore, the assumption of Donald’s ideotype as a model for the design of wheat MV involved the loss of their ability to compete with weeds by their own means, relying on the intensive use of tillage and/or herbicides to perform this function. Differences in weed biomass between the first growing season and the other ones in Sierra de Yeguas could be due to the crop rotation sequence, since faba bean can have a suppressive effect on weeds [64] and its morphology and in row planting pattern make its weeding very effective. Finally, the precedent uncompetitive crops or a deficient mechanical weed management in the farmland previous to the experiment establishment could have also enhanced the weed population in the first year.




4.2. Evolution of NPP of Wheat Fields in Spain throughout the 20th Century


The NPP evolution in Spanish wheat fields is complex, as technological and social factors intermingle and have an impact on it. Our results show that the Spanish Civil War and agriculture policies from the first decades of the Franco dictatorship had a relevant impact on the production, not only of grain, but also of aerial residues. The reduction in the availability of human and animal work, as well as the interruption of the incipient importation of fertilizers, mainly phosphorus, was behind this fall [37]. The lower availability of residues probably initiated a process of deterioration of the fund elements and environmental services of these agroecosystems, as we will discuss in Section 4.3.



This decrease in NPP may have been temporary. However, it was prolonged over time due to the biological change that led to the introduction of varieties with “Reduced Height Genes” (Rht) from CIMMYT in the 70–80s. The average increases in grain yield obtained were far from those documented in other European regions with higher rainfall [39,65]. The drop in residue production did not generate, in principle, any detectable problem in the short term. On the one hand, straw had lost functionality due to the substitution of labor animals by automotive machinery. On the other hand, in the incipient stages of agrarian mechanization, shorter varieties should have greatly facilitated the harvest. The limited capacity of the harvesters lengthened the collection period and facilitated the lodging of OV, with the consequent losses of grain quantity and quality. In addition, lodging risk limited the possibility of increasing fertilizer doses. Therefore, this biological innovation was, in general, well received [39].



Finally, at the end of the 20th century (1990–2000), the upturn in yield observed enabled it to overcome the residue production of OV of the first third of the century. This increase in yield has a complex explanation, which we can only venture. We do not have reliable data on the inputs applied to wheat in this period. Total consumption for Spanish agriculture shows a slight upward trend in the period 1980–2000 [40]. A slight increase (12%) of nitrogen fertilizer applied to wheat between 1990 and 2000 is considered from the calculation of nitrous oxide emissions by Spanish inventory of emissions to the atmosphere [66]. Given the lack of response to mineral nitrogen supply under water stress conditions, the increase in N fertilizer application and the associated response, has possibly been parallel to the shift of the cultivation of rainfed wheat to areas with higher rainfall and the abandonment in more arid regions. To prove this, in Figure 5 we have represented the provinces that have increased or reduced their representativeness in cultivated surface of rainfed wheat since 1980. Between 1980 and 1990, four provinces (Cádiz, Sevilla, Burgos, and Navarra) increased more than 1% their wheat surface in relation to the national surface (Figure 5a). Together, they went from representing 19.6% of the national surface of rainfed wheat to 25.5%. At the other extreme, the other four provinces (Cáceres, Valladolid, Huesca and Teruel) reduced their representativeness by more than 1% and, overall, went from representing 10.8% of the national surface of rainfed wheat to 6.0% (Figure 5a). The average pluviometry of the former reaches 735 ± 133 mm year−1, compared to 592 ± 135 mm year−1 of the latter. Following the same trend, provinces that gained between 0.3 and 1% of representativeness have an average rainfall of 637 ± 127 mm year−1 compared to 543 ± 91 mm year−1 of the provinces that lost between 0.3–1% of representativeness [67]. Between 1980–2000 (Figure 5b), the trend is the same: concentration of rainfed wheat cultivation in more humid provinces and abandonment in drier ones. Therefore, this increase in residue in recent decades does not contradict our hypothesis, but rather reinforces it, since the abandonment in more arid provinces may be related to the degradation of the fund elements of the agroecosystem caused by the decrease in unharvested residues. We will address this in Section 4.3.




4.3. Impact on the Fund Elements and Environmental Services of Spanish Wheat Fields


The varietal substitution had unforeseen consequences on the quality of the biophysical fund elements (soil and biodiversity) of cereal-based agroecosystems and, consequently, on the ecosystem services they provide.



Several studies show the low level of soil organic carbon (SOC) in cereal Spanish drylands at present [68,69], which is very close to the degradation threshold [69]. Crop management, and particularly varietal choices, are important drivers of SOC levels, which change in response to soil C inputs [70,71]. It has been estimated that average SOC levels in Spanish rainfed croplands have been continuously decreasing since 1940 due to decreasing C inputs to the soil and, in the last decades, to global warming [41]. In the case of cereals, this fall in soil C inputs was mainly due to varietal change. The depletion of these soils is an important vulnerability factor for the sustainability of Mediterranean agriculture in a context of climate change [72]. Organic matter does not only constitute a store of nutrients, but also of water, at the same time that it controls the common erosive processes under Mediterranean conditions. Therefore, the decrease of AUhB and, mainly, of BUhB, ends up triggering complex processes of degradation that undermine the productive capacity of these soils and promote their abandonment. In Spain, 2.5 Mha of rainfed agricultural land (12% of cropland) were abandoned since the mid-1980s to the year 2000 due to its low productivity. 88% of this land was previously dedicated to extensive crops (cereal and legumes, mainly) and fallow [17]. The abandonment affected mainly those rotations that were less intensive, which manifested into a fallow abandonment annual rate of 2.4% against the 0.8% for cultivated land. This situation would be in line with the displacement of wheat crop to provinces with higher rainfall as we have shown in this article. Therefore, the increase in average yields of rainfed wheat between 1980–2000 cannot be strictly attributed to varietal change. The higher quality of lands dedicated to wheat at the end of the century compared to previous decades would have enabled a higher production intensification, raising the average yield.



The recovery of degraded soils requires the implementation of uses and managements that leave more unharvested residues on the soil [68,69,73]. According to our results, OV could contribute to this, without reducing grain yield.



The decrease in UhB could also have seriously affected biodiversity. If we consider bird species threatened in Spain as an indicator of biodiversity, 17.5% of them are associated with cereal, and 5% to agricultural spaces with high diversity (vegetable gardens, irrigated orchards, etc.) ([74] p. 80). Cereal does not constitute a group of crops especially intensive in the use of fertilizers and pesticides under Mediterranean rainfed conditions. However, UhB debacle reaches extremes in cereals. The scarce production of straw from modern varieties, mostly of short size and short cycle, and the burning of stubble, make these crops scarcely useable for heterotrophic species, which affects the size of the populations that can maintain them and trophic chains of which they are part. This is the case of populations of predatory birds, such as the lesser kestrel (Falco naumanni), whose decline is linked to the need to invest a much greater effort to obtain their prey (arthropods and small vertebrates) in cereal fields as they have been modernized [75]. AUhB also offers food and shelter for the reproduction of other birds linked to cereal fields. Hence, part of the recommended actions in the framework of the Life Project for the conservation of steppe birds proposed by the Consejería de Medio Ambiente de Andalucía [76] is to use varieties with a longer cycle and more straw than current ones. That is, varieties more similar to traditional ones. The application of herbicides also produces damage to biodiversity, both flora and fauna [77,78,79,80], which would be avoided with the cultivation of OV.



As a result of the varietal change and the related intensification in inputs use, the sustainability of wheat fields has been undermined and its recovery is not viable if it is not through the production of biomass at low cost and without competing with those uses of biomass that generate income for the farmer [81]. Therefore, the evaluation of varietal suitability can not only be based on the capacity to produce more marketable biomass, but also on the size of the non-harvested portion, which recirculates through the agroecosystem.



In the light of these results, it would be of great interest to obtain data from long-term experiments, with different varieties and in other pedo-climatic situations under Mediterranean and other semi-arid climates, so that we could corroborate the hypothesis presented here. Additionally, the study of the economic viability of old and modern wheat varieties cultivation under both organic and conventional management in Mediterranean drylands could also be accomplished.





5. Conclusions


The idea that wheat MV are more productive than OV is based on a double bias. The first is produced by considering a part (grain) as the whole (NPP), thus neglecting the functions of residues in maintaining the productive capacity of agroecosystems. The second bias is produced by generalizing the reach of results mostly obtained under industrialized management, which clearly benefits MV, to other contexts. However, both trials carried out here show that, under Mediterranean rainfed conditions and traditional organic management, biomass production of OV is significantly higher than that of MV. This is due to a higher straw and root biomass production, without significantly decreasing yield. Different biomass allocation of varieties results in a lower HI and a higher R:S ratio for OV. However, weed biomass is higher in plots planted with MV, due to the loss of competitive capacity that accompanied the selection for grain yield.



Combining information obtained from trials for OV with traditional organic management, bibliographic review for MV under industrialized management, and information from historical sources, we have reconstructed the NPP (and the uses of the different portions) of Spanish wheat fields throughout the 20th century. Results show a strong decline of NPP and UhB during wars in the 1940s–1950s, which lasted over time and was exacerbated by the progressive replacement of OV from the 1960s, a process that accelerated in the 1970–1980s by the rapid introduction of “Rht” varieties from CIMMYT. The fall of UhB has meant less biomass available to maintain the levels of organic matter in the soil and to sustaining food chains of heterotrophic species, leading to the degradation of rainfed cereal agroecosystems. The massive abandonment of these degraded agroecosystems and the displacement of the wheat crop towards provinces with more rainfall have increase the yield and NPP of this crop at the end of the century.



The results obtained suggest that OV under organic management can increase the sustainability of rainfed Mediterranean agroecosystems at present. Specifically, they can improve soil quality, increase carbon sequestration in the soil, reduce the need for agrochemicals, especially herbicides, and promote the recovery of biodiversity. All without significant decreases in grain production under organic management.
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Figure 1. Biomass allocation of (a) wheat varieties (OV, old varieties; MV, modern varieties), and (b) net primary productivity of plots cultivated with OV and MV, under different management. 
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Figure 2. Evolution of the surface area (Mha), total grain production and harvested residues (Mt fresh matter) of wheat in Spain throughout the 20th century. Source: [16,17,18,19,20,21]. 
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Figure 3. Evolution of (a) Net Primary Productivity (NPP) of wheat fields and (b) of wheat residues, in Spain throughout the 20th century. 
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Figure 4. Reconstruction of biomass destinations (kg d.m. ha−1) of Spanish wheat fields (1900–2000), (a) of NPP, including aerial weed biomass, (b) of residue production in relative terms, aerial weed biomass included, (c) of unharvested residues, aerial weed included, (d) of unharvested residues, weed biomass excluded. (AUhB: Aboveground Unharvested Biomass, BUhB: Belowground Unharvested Biomass). 
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Figure 5. Evolution of the distribution of the surface of rainfed wheat in Spanish provinces. (a) 1980–1990; (b) 1980–2000. 
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Table 1. Annual rainfall and management practices of the field experiments.
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	Sierra de Yeguas (Wheat-Faba Bean Rotation)
	Ronda (One-Third Rotation)





	Rainfall (mm)
	
	



	2013–2014
	433
	612



	2014–2015
	344
	448



	2015–2016
	363
	846



	1982–2012 average
	673
	775



	Rotation
	Wheat-faba bean
	Wheat-fallow-fallow



	Fertilization
	Manure
	-



	
	(3.6% N, d.m.) (3.0 Mg ha−1, f.m.)
	



	Weed control
	Manual weeding
	-



	Irrigation
	Rainfed
	Rainfed







Note: f.m. and d.m. stand for fresh and dry matter, respectively.
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Table 2. Aerial and total Net Primary Productivity (NPPa and NPP, respectively), grain yield, straw, and husk production, and weed biomass (kg ha−1, dry matter) of old and modern wheat varieties in wheat-faba bean rotation (W-FB R) and in one third rotation (O-T R) trials. Mean and standard error of the mean. Different letters represent significant differences between OV and MV within each growing season at a level of 0.05 (Tukey test).
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2014

	
2015

	
2016

	
Average




	
Old

	
Modern

	
Old

	
Modern

	
Old

	
Modern

	
Old

	
Modern






	
W-FB R

	
NPPa

	
11,807a ± 581

	
9292b ± 697

	
11,570a ± 428

	
11,078a ± 483

	
7000a ± 395

	
5957b ± 315

	
10,126 ± 377

	
8776 ± 389




	
NPP

	

	

	

	

	
9486a ± 395

	
7713b ± 315

	

	




	
Grain

	
2187a ± 240

	
1223b ± 198

	
2523b ± 108

	
3966a ± 198

	
1374a ± 143

	
1414a ± 154

	
2028 ± 114

	
2201 ± 182




	
Straw

	
6186a ± 492

	
3812b ± 312

	
7767a ± 305

	
5946b ± 288

	
4967a ± 271

	
3831b ± 189

	
6307 ± 250

	
4530 ± 194




	
Husk

	
1014a ± 120

	
544b ± 43

	
1276a ± 63

	
1126a ± 60

	
532a ± 52

	
458a ± 33

	
941 ± 60

	
709 ± 44




	
Root

	

	

	

	

	
2486a ± 252

	
1757b ± 166

	

	




	
Weed

	
2421b ± 417

	
3712a ± 609

	
3b ± 2

	
40a ± 14

	
126b ± 30

	
254a ± 50

	
850 ± 191

	
1335 ± 283




	
O-T R

	
NPPa

	
1249a ± 115

	
893b ± 88

	
2553a ± 175

	
1841b ± 110

	
1957a ± 139

	
1611b ± 121

	
1920 ± 104

	
1448 ± 78




	
Grain

	
256a ± 45

	
153b ± 36

	
623a ± 58

	
569a ± 46

	
385a ± 47

	
438a ± 61

	
421 ± 34

	
387 ± 35




	
Straw

	
597a ± 40

	
374b ± 38

	
1247a ± 73

	
684b ± 53

	
1095a ± 77

	
708b ± 51

	
980 ± 50

	
589 ± 33




	
Husk

	
139a ± 29

	
66b ± 19

	
342a ± 28

	
201b ± 14

	
251a ± 21

	
162b ± 15

	
244 ± 18

	
143 ± 11




	
Weed

	
257a ± 35

	
300a ± 36

	
342a ± 41

	
387a ± 44

	
226b ± 24

	
302a ± 33

	
275 ± 20

	
330 ± 22
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Table 3. Harvest index (fresh matter) and Weed:NPPa ratio (aerial dry matter) of old (OV) and modern (MV) wheat varieties in wheat-faba bean rotation (W-FB R) and one third rotation (O-T R) trials. Mean and standard error of the mean. Different letters represent significant differences between OV and MV within each growing season at a level of 0.05 (Tukey test).
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2014

	
2015

	
2016

	
Average




	
OV

	
MV

	
OV

	
MV

	
OV

	
MV

	
OV

	
MV






	
Harvest index

	
W-FB R

	
0.235a ± 0.021

	
0.206a ± 0.028

	
0.238b ± 0.006

	
0.393a ± 0.011

	
0.211a ± 0.017

	
0.262a ± 0.020

	
0.228 ± 0.009

	
0.287 ± 0.015




	

	
O-T R

	
0.209a ± 0.026

	
0.219a ± 0.037

	
0.308b ± 0.013

	
0.389a ± 0.020

	
0.193b ± 0.012

	
0.287a ± 0.023

	
0.237 ± 0.012

	
0.298 ± 0.018




	
Weed:NPPa

	
W-FB R

	
0.210b ± 0.038

	
0.371a ± 0.041

	
0.0003b ± 0.000

	
0.004a ± 0.002

	
0.019b ± 0.004

	
0.041a ± 0.006

	
0.076 ± 0.017

	
0.139 ± 0.024




	

	
O-T R

	
0.195b ± 0.020

	
0.358a ± 0.042

	
0.130b ± 0.011

	
0.212a ± 0.020

	
0.124b ± 0.013

	
0.194a ± 0.022

	
0.150 ± 0.010

	
0.255 ± 0.019
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