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Abstract: This work establishes the relationship between bioclimatology and agronomy. Bioclimatic
indices are obtained for several areas under olive cultivation and correlated with olive yields. Due
to the effect of climate change on cultivation and the high economic losses it produces, we propose
a sustainable development model for the territorial classification of crops based on bioclimatic
knowledge. Bioclimatic diagrams are prepared to provide information on water stress in crops so
that irrigation can be carried out at the most effective time, a measure that has been shown to lead
to water and energy savings for growers. In addition to this development model, we propose the
application of non-aggressive cultivation techniques such as the use of living plant cover to ensure
the protection of the soil and avoid losses due to climate irregularities. Studies conducted up to
the present on applied bioclimatology have yielded promising results in the fields of farming and
forestry. The maps and bioclimatic indices of Professor Rivas-Martínez, Ic, Io and It/Itc, are essential
for bioclimatic classification. The agricultural development model with a bioclimatic basis ensures
economic savings for growers and minimizes the environmental impact of cultivation. In the case of
olive cultivation we detected that in 2005 all the cultivated areas that were not in their thermoclimatic
optimum were damaged by frost. The widespread cultivation of olive groves in the Mediterranean
basin, and mainly in the south of Spain, is reason enough to establish a relationship between its
production and its bioclimatic environment. The ombroclimatic study in certain localities under olive
cultivation shows that areas with Io <2.5 are unproductive (Jodar, Tabernas), and that their low Io
value needs to be supplemented with irrigation water. This means extracting water from aquifers
for agricultural use, when the current climate irregularities do not allow the excessive use of subsoil
water. For the time being the only way of mitigating this situation is with sustainable development,
which requires a bioclimatic understanding of the territory; and the use of appropriate cultivation
techniques, including herbaceous plant covers. In this last case a knowledge of the plant associations
in the phytosociological class Stellarietea mediae constitutes the basis for establishing either natural or
sown vegetation cover.
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1. Introduction

This article describes the results of the work carried out by our team in recent years.
This research focuses on biogeographic and bioclimatic aspects, climate and soil bioindica-
tors, vegetation and vegetation dynamics, and landscape study. Based on our findings we
have devised agricultural and forestry management models that have led us to a worldwide
sustainability model with proposals for management to mitigate the ongoing profound
and irregular global climate change. This has been achieved by conducting studies in such
widely differing locations as Palestine [1–5], Italy, Spain, Portugal [6–13], the Caribbean,
Mexico and Brazil [14–19]. To pursue sustainable development, it is necessary to conduct
prior research into the methodology to ensure the intended aim is attained. These studies
must be specific to each territory. The following factors must be analyzed in order to
propose a management model: physical and chemical environmental factors, biogeography,
bioclimatology, vegetation (biological indicators) and vegetation series [20].

Bioclimatology is an ecological science that has assumed greater importance in recent
years and whose aim is to highlight the relationship between living beings (biology) and
climate (physics) [21–23]. It is distinguished from climatology in that the information,
indices and units it uses are related to and delimited by species and phytocoenoses/plant
communities. The development of bioclimatology as a key discipline in the service of vege-
tation, agriculture and forestry sciences is one of the most important scientific innovations
in recent times; the progress in this science has made it possible to identify several plant
communities, and particularly to identify more accurately the main vegetation bands ob-
served on an ascending altitudinal scale, in addition to establishing agricultural and forestry
models for sustainable development [9,24,25]. Advances in geobotanical knowledge have
shown promising results for the management of the natural environment [26].

Precipitation and temperature are the most important factors conditioning the exis-
tence of certain plant ecosystems [27]. Thus, each biogeographic region or group of regions
has a particular altitudinal zonation of plant ecosystems as the mean annual temperature
progressively decreases with altitude (thermoclimate) [28].

As climate (temperature and precipitation) is correlated with the altitudinal zonation
of plant ecosystems, it can be seen that certain rhythms or changes occur everywhere
on Earth based on temperature and precipitation [29]. Both the physical continent or
bioclimatic belts and the biological plant content or vegetation series can be recognized as
a function of these changes using the concept of universal vegetation series jurisdiction,
and can therefore be applied to any place on the planet.

Bioclimatology as a science has undergone major advances in the last 30 years thanks
to Professor Rivas-Martínez, who has created a bioclimatic classification of the Earth since
1996 [25,27–30].

Climatology and bioclimatology are essential for understanding and explaining the
natural environment, which is currently undergoing the effects of climate change. It is
therefore crucial to know what resources are available to humankind to mitigate this change,
as it is leading to serious natural disasters involving economic damage and loss of human
life. The third assessment report revealed that temperatures had increased by approximately
0.6 ◦C (between 0.4 ◦C and 0.8 ◦C), affecting physical and biological systems in different
parts of the Earth [31]. The fourth assessment report contains clear evidence that climate
change and global warming are now a reality that affects us all [32]. Global concentrations
of carbon dioxide, methane and nitrous oxide in the atmosphere in recent years have risen
substantially as a result of human activities since 1750. The linear projection for the next
100 years is estimated at 0.74 ◦C (between 0.56 ◦C and 0.92 ◦C), compared to 0.6 ◦C in the
third report. According to the sixth report from the Intergovernmental Panel on Climate
Change, global warming is now an unequivocal reality [33]. This increase in temperature
occurs all over the planet but more markedly in more northerly latitudes [34–37].

Bioclimatology, vegetation, vegetation cover and agriculture are all terms that must
be clearly understood, as their effective management can mitigate climate change. This
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poses the need for a worldwide economic model based on sustainable development and a
rational use of natural resources.

Agriculture is conditioned by cyclones and anticyclones, which in turn shape the
various macrobioclimates and bioclimates throughout the world (thermoclimates and om-
broclimates). These all affect both the quantity and quality of crop yields, so a knowledge
of local bioclimatic indicators is critical for improving agriculture. The use of bioclimatic
indices—continentality, ombrothermic and thermicity indices—should be obligatory be-
fore establishing a certain crop, as there is a close correlation between these indices and
agricultural yields.

Bioclimatology reveals the close relationship between living beings and physical
factors (climate), which is evidently strongly linked to and connected with agriculture and
vegetation ecosystems, as the concepts of bioclimate and bioclimatic belt (thermotype and
ombrotype) are essential for planning crops. It is important to bear in mind that the aim is
to achieve maximum yields in terms of quantity and quality with the lowest environmental
and economic cost, which is ultimately what both growers and society demand. This cannot
be done without taking into account bioclimatology as a critical science for agricultural
planning. The use of bioindicators and bioclimatic indices must therefore be incorporated
into agricultural management, and this requires obtaining a bioclimatic interpretation of
the territory as an essential framework in which to establish the crop.

Once the bioclimate has been determined for each ecosystem and crop, a landscape
analysis must be conducted in concordance with the bioclimate of the territory. This will
contribute to achieving successful reforestation that will act as a CO2 sink and potentially
mitigate climate change, always assuming that there is a parallel reduction in CO2 emissions
and a change in energy policies. This landscape analysis leads us to propose the use of
the concept of vegetation series/set of plant communities, which—as we have said—has
universal jurisdiction, as a basis for establishing a sustainable development model [9,38–42].

The term "vegetation dynamics" is applied in vegetation series when the dynamic is
natural and the process is driven by the ecosystem, but not when there is excessive human
intervention that is contrary to the natural dynamic. When this dynamic is artificially
accelerated (human action), the vegetation series undergoes drastic modifications leading
to a situation where the series cannot recover and therefore disappears, and causing other
new formations to appear which transform the landscape. Each biogeographic territory
with its distinctive bioclimate and soil therefore has a specific vegetation series with its
own dynamic, making it necessary to establish a specific management model [43,44].

When establishing crops in the process of territorial management, which, as we have
mentioned, should be done on a bioclimatic basis considering the vegetation series, it is
essential to determine the range of bioclimatic values in which the crop is at its optimum.
Another factor to be taken into account is the cultivation technique, with a view to increasing
quantity and quality and minimizing environmental, economic and human impact.

In essence, agriculture can be externally sustained or sustainable. Sustained agriculture
is practiced with an external energy input, and can be described as agricultural production
with no regard for conservation and a constant supply of products (nutrients) in order to
boost yields. The aim is to achieve the highest possible yields whatever the environmental
cost, and of course at a high price for the grower in monetary terms; in contrast, sustainable
agriculture consists of using the resource without depleting it and without the need to
incorporate nutrients into the soil [9,45,46].

Until 1970, traditional agriculture was the norm in many countries; however, the all-
encompassing technological revolution that has been in force until the present day has since
become widely accepted both economically and socially. The result is the uncontrolled use
of pesticides, herbicides and phytosanitary products which cause a serious environmental
impact that can occasionally give rise to insects and plants that are resistant to treatment
without having achieved any significant improvement in living standards in the farming
sector. The cost of using these chemical products is the same or in some cases greater
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than the economic benefit gained from the treatment, without even considering the added
environmental cost [47–51].

Until a few years ago cultivation was predominantly traditional with models acquired
over many centuries. Cultivation has always been somewhat plural, involving a variety
of different crops, rather than the monoculture which has now become standard in some
cases, a practice that delivers the land into the hands of speculators.

Non-standard management models evolved to create specific models in each territory,
in which aspects such as pruning, tilling, type of planting and the method of obtaining the
agricultural product were specific to each town/district [52]. This practice has now been
lost in the unending quest for greater yields, leading to a sustained agriculture characterized
by a loss of biodiversity and of the stability of the agroecosystem.

By sustainability we mean the capacity to persist over time without detriment to natu-
ral (soil, diversity, fauna, etc.) and cultural capital; this includes management models that
enable production and renovation over time. Among the different definitions of sustainable
agriculture, we choose the description of the American Society of Agronomy, namely, “A
sustainable agriculture is one that, over the long term, enhances environmental quality and
the resource base on which agriculture depends; provides for basic human food and fiber
needs; is economically viable; and enhances the quality of life for farmers and society as
a whole”. In reality, farmers should aim to abandon the criterion of maximum yield per
hectare and improve the productivity of their operation through better management of
productive factors [53,54].

Although some authors consider traditional and sustainable agriculture to be one and
the same, this view is erroneous. Traditional agriculture is based on a type of knowledge
that has been acquired over millennia and has been rigorously tried and tested in an
empirical way, and cannot be substituted by the practices of current biological agriculture,
with its highly simplistic model. It can be maintained that traditional management forms
constitute a coherent ecosystem, whereas today’s sustainable agriculture does not fully
follow the traditional model.

The practice of externally sustained agriculture causes profound transformations
which in many cases lead to a loss of biodiversity on a massive scale. The decline in
floristic diversity produces a loss of fauna, affects biological control mechanisms, and
causes an explosion of insect plagues. The reasons for this decrease in diversity include
inappropriate tilling techniques, loss of plant cover, lack of organic fertilizers, use of rollers
(soil compaction) and indiscriminate use of herbicides, all of which ultimately results
in increased erosion and soil loss [54]. It is therefore recommended to use agricultural
practices that are non-aggressive with the environment such as traditional and sustainable
cultivation, at least for marginal areas; for non-marginal areas with high production it is
advisable to apply a cultivation that combines both techniques, i.e., planned cultivation
with an ecological/botanical basis [55,56].

Non-aggressive cultivation is now possible thanks to advances in both bioclimatic and
soil-related botanical research [57] which reveals the nutritional status of the soil and allows
the appropriate doses of fertilizer to be used. This avoids the overuse of these substances,
whose excess contaminates aquifers and implies financial losses for farmers [58].

2. Materials and Methods

The bioclimatology of southern Spain is studied here (Mediterranean Basin), focusing
on areas that are predominantly dedicated to olive groves. This is done using the bio-
climatic studies of several authors [25,27,30,51,59–61], and the study on vegetation cover
by Cano-Ortiz [57]. With this research and with previous research conducted by [62], we
obtain the bioclimatic indices and maps. Considering the productive and non-productive
areas of olive groves in Spain, we propose a sustainable development model that ensures
productivity in spite of climate change, based on the knowledge of the physical, bioclimatic
and biogeographic factors and vegetation series [23].
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For this, we use climatic data from 45 meteorological stations, with special attention
to the Jodar, Aracena, Tabernas and Torredonjimeno stations. Bioclimatic diagrams are
developed for these stations, which serve to establish the different hydric periods: excess
water, regulation, dry. In the regulation period, the plants use the water accumulated in the
soil, and do not enter into hydric stress until the dry period. We apply current knowledge on
bioclimatology, and we elaborate the different bioclimatic indices: ombrothermic index (Io),
continentality index (Ic), thermicity and compensated thermicity index (It/Itc) and Iosc2
and Iosc3 summer indices. Using the values of these indices in the different meteorological
stations, and data on olive grove production in these same places, the optimal production
areas for these crops are obtained [63,64], and we analyze herbaceous plant covers as
CO2 sinks.

3. Results and Discussion
3.1. Bioclimatic Analysis of Specific Territories

We analyze the bioclimatic studies in specific cases in various locations with olive
cultivation (Table 1) as an essential prior step for territorial classification. The analysis in-
volves formulating various bioclimatic indices and combining them with biological indices
to create the bioclimatic maps and diagrams that are needed to generate the management
model. The method consists of preparing tables with bioclimatic indices and the respective
bioclimatic maps of thermo- and ombrotypes, which we then apply to determine the opti-
mum crops in each of these locations. The aim of this method is to minimize the economic
and environmental costs of production, and, when applied to certain crops such as olive
groves and vineyards in the Mediterranean Basin, to suggest promising approaches for
sustainable development [64–66] (Figures 1–3).
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ogy. Olive grove damaged by frost in 2005 due to being located in an enclosed valley affected by
temperature inversion.
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Table 1. Values of bioclimatic indices for the southern Iberian Peninsula (Andalusia). P. Mean
annual precipitation. Io. Ombrothermic index. Ic. Continentality index (mean thermal interval).
It/Itc. Thermicity index/compensated thermicity index. Alt. Altitude. Iosc2, Iosc3. Summer
ombrothermic indices.

Location P Io Ic It/Itc Alt Iosc2 Iosc3 Iosc3/I

1. Vadillo-Castil (J) 1182.3 8.42 17.6 199 970 0.48 1.10 229
2. Pontones (J) 1148.7 6.98 18.0 214 740 0.53 0.92 1.73
3. La Iruela (J) 850.1 4.78 19.2 343 933 0.27 0.71 2.62
4. B. Moraleda (J) 612.1 3.33 19.7 370 887 0.36 0.66 1.83
5. B. Segura-Perales (J) 612.7 3.52 20.7 253 760 0.43 0.64 1.48
6. Siles (J) 785.7 4.33 21.6 260 826 0.39 0.75 1.92
7. V. del Arzobispo (J) 698.2 3.54 19.4 297 685 0.23 0.54 2.34
8. Villacarrillo (J) 610.8 3.26 20.4 284 794 0.26 0.52 2.00
9. P. del Dañador (J) 612.3 3.75 18.8 260 700 0.40 0.73 1.85
10. B. E.- Centenillo (J) 679.1 3.87 19.4 271 824 0.18 0.45 2.50
11. P. Rumblar (J) 657.4 3.28 18.6 353 300 0.18 0.45 2.50
12. Torredonjimano (J) 648.9 3.25 19.7 329 591 0.33 0.55 1.66
13. P. Tranco de Beas (J) 849.6 4.65 18.2 298 600 0.41 0.81 1.97
14. Beas de Segura (J) 658.0 3.20 19.7 322 577 0.30 0.58 1.93
15. Cazorla. ICONA (J) 792.4 4.68 19.2 257 885 0.32 0.74 2.31
16. Huelma-Solera (J) 526.9 3.20 20.8 293 1084 0.40 0.74 1.85
17. P. de la Bolera (J) 653.7 3.83 17.0 284 980 0.50 0.90 1.80
18. Jimena (J) 600.3 3.20 20.0 303 590 0.32 0.69 2.15
19. A. Real-Charilla (J) 681.0 4.05 17.3 270 920 0.42 0.68 1.61
20. P.del Jandula (J) 505.2 2.50 19.5 339 360 0.17 0.41 2.43
21. Arjona (J) 609.9 2.97 19.5 406 410 0.25 0.41 1.64
22. Bailen (J) 581.7 2.70 20.1 369 369 0.14 0.32 2.34
23. Andújar (J) 463.9 2.13 19.1 371 212 0.17 0.28 1.66
24. Jaén. Instituto (J) 578.3 2.85 18.8 345 510 0.20 0.40 2.00
25. Linares (J) 642.2 3.12 18.3 339 419 0.21 0.52 2.48
26. L. Torubias (J) 490.4 2.34 20.3 355 290 0.14 0.31 2.26
27. Mancha Real (J) 551.6 3.02 18.1 299 753 0.37 0.69 1.87
28. P. Guadalmena (J) 517.9 2.74 20.0 308 602 0.37 0.55 1.48
29. L. Fuente Higuera (J) 471.0 2.36 18.6 342 300 0.15 0.30 2.00
30. Ubeda (J) 579.6 3.03 18.4 313 748 0.22 0.44 2.00
31. La P. de Segura (J) 674.7 3.55 19.9 305 584 0.35 0.64 1.82
32. Cabra de S. Cristo (J) 449.9 2.62 17.7 275 938 0.35 0.65 1.86
33. Ubeda P. Guadiana (J) 404.6 2.24 19.6 285 420 0.23 0.46 2.00
34. P. Guadalmellato (CO) 698.4 3.42 18.0 349 200 0.40 0.64 1.60
35. C. La Jarosa (CO) 831.1 4.46 16.5 315 340 0.25 0.31 1.24
36. Pantano P. Nuevo (CO) 760.6 4.03 17.9 321 410 0.16 0.59 3.68
37. Villaralto (CO) 501.4 2.66 18.8 310 583 0.42 0.60 1.42
38. Pozoblanco (CO) 514.4 2.66 19.9 311 649 0.34 0.66 1.94
39. Aldea de Cuenca (CO) 559.0 2.98 18.1 307 571 0.23 0.67 2.91
40. H. del Duque. Aer. (CO) 476.9 2.68 18.4 284 540 0.42 0.68 1.61
41. Pedroche (CO) 506.8 2.60 19.2 322 621 0.38 0.63 1.65
42. La Rambla (CO) 527.4 2.81 17.9 308 200 0.30 0.41 1.37
43. Castro del Rio (CO) 470.7 2.45 20.1 305 210 0.17 0.36 2.12
44. Montoro (CO) 572.4 2.72 18.1 360 195 0.19 0.37 1.94
45. Pozoblanco. Cerro (CO) 594.7 2.98 19.0 339 500 0.32 0.52 1.62
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Figure 2. Map of ombrotypes in the Mediterranean Basin. The optimum ombrotype for olive
cultivation is the dry-subhumid. Geographic Coordinates Mediterranean Basin: 38◦ N 17◦ E.
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Figure 3. Map of thermotypes in the Mediterranean Basin. The optimum thermotype for olive
cultivation is the thermo- and meso-Mediterranean. Geographic Coordinates Mediterranean Basin:
38◦ N 17◦ E.

3.2. Bioclimatic Analysis of the Southern Iberian Peninsula

The bioclimatic analysis is conducted using the meteorological stations in the southern
Iberian Peninsula, obtaining for each one the values of T (temperature), P (precipitation),
Io (ombrothermic index), Ic (continentality index), It/Itc (thermicity index and compen-
sated thermicity), Iosc2 (summer ombrothermic index of July and August), Iosc3 (summer
ombrothermic index of June, July and August) and PVA (Period of Vegetative Activity).
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The analysis of the climatic and bioclimatic parameters reveals the following: (1) Most
of the territory sampled has a PVA of 12 months. There is therefore no stop due to cold.
(According to Montero [67], a stop due to cold is understood as a condition where the mean
monthly temperature falls below 7.5 ◦C.) This coincides exactly with the territories more to
the south and southwest of the province of Jaén (Southern Spain), an area dominated by
olive cultivation with a mainly Thermo-Mediterranean thermotype and a dry ombrotype.
In contrast, places with a PVA of 8–9 are dominant in the northwest of the province of Jaén
and Granada, with the particularity that both territories have an upper meso-Mediterranean
thermotype. However, the high value of the ombroclimatic index—over 4—is explained
by the screening effects of the Segura, Las Villas and Cazorla mountain ranges (Table 1)
(Figure 1) against cyclones.

Several factors have conditioned the cultivation of different varieties of olive in each
area, and yet these varieties are not always at their ecological optimum from the bioclimatic
point of view. Although the influence of bioclimatology on olive yields has been noted
in previous studies [62], the bioclimatic characterization of the different varieties has
subsequently been undertaken by our research team. Another objective of this work
is to relate the distribution of the olive varieties with the different bioclimatic indices
and to characterize each variety by its bioclimatic requirements in order to provide new
criteria for the agricultural planning of crops [68,69]. It is therefore necessary to conduct
biogeographical and soil studies of potential growing sites and use this information to
propose a model for agricultural management [23].

Environmental factors→Bioclimatology and biogeography→Vegetation series→Crop type

A correct territorial classification can be achieved by applying this model to rain fed
crops. In previous works we established a close correlation between kg/hectare yield for
olive groves and the values of bioclimatic indices. This allowed us to establish that the loca-
tions of maximum yield for the Picual variety belong to the upper thermo-Mediterranean
thermotype and the upper dry ombrotype, and to the lower meso-Mediterranean thermo-
type. We subsequently extended these studies to other olive varieties, namely “Hojiblanca”,
“Lechín”, “Morisca”, “Manzanilla”, “Gordal” and “Verdiales” for Spain [62,69].

3.3. Bioclimate—Plant Cover: Mitigating the Damage Caused by Climate Change

In the last 50 years a new type of agriculture has become prevalent, and is now
widely accepted both economically and socially. This has resulted in the uncontrolled use
of pesticides, herbicides and phytosanitary products, causing substantial environmental
damage, with the resulting harm for the population [54,70].

A crop is unproductive when the cost of production is equal to or higher than the
income received by the grower. This expense includes the entire array of activities necessary
for production plus the environmental cost, which in most cases is impossible to quantify.
Crops are considered unproductive when their cost is higher than the income they generate,
and crops that are apparently productive with modern technology should also be seen
as unproductive if the environmental cost is excessively high. An excessive cost should
be considered as any situation in which the crop leads to the irreversible loss of a certain
resource (although cases of contamination can be permitted in which the system is able to
self-regenerate), thereby refuting the expression “the polluter pays”, as resources may be
lost for which it is impossible to set a price because they have such a high ecological and
natural worth. Cultivation is therefore not valid if it leads to irreversible losses of soil and
biodiversity or the contamination of water and land. It is essential to consider these last
two issues when establishing a crop. All situations corresponding to any of these cases
must undergo technical agrarian reform, and be subject to agricultural planning to ensure
that the crop is maintained while respecting the principles outlined above, as well as being
productive and even benefiting from potential increases in yields. These yields can also
be of high quality, as quantity and quality are not incompatible. This implies taking into
consideration the bioclimatic aspects of the territory [45,71].
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Agricultural planning must be done based on respect for the environment and the op-
timization of the crop in question, as all crops have an ecological and bioclimatic optimum.
In this situation any potential impact on the environment would be decreased. All this
would involve the creation of specific agricultural and non-standard models which would
lead us in some cases to maintain certain crops or to replace them with other alternative
crops that are more productive and less contaminating.

The severity of the damage to a crop due to climate change depends on whether it is in
its bioclimatic optimum. The soil water reserve must be optimized by determining the rela-
tionship between the water availability for the plant in the soil, potential evapotranspiration
(ETP) and residual evapotranspiration (e) by means of a bioclimatic diagram.

The application of bioclimatic diagrams to such diverse localities as Aracena, Jodar,
Montiel, Tabernas and Torredonjimeno reveals significant differences in terms of the date
on which the crop begins to undergo water stress. This may be mitigated if the relation
between the summer ombrothermic indices Iosc3/Iosc2 >1 [72], meaning that there is
compensation thanks to the June rains. The crop is productive when Io >2.5 (Table 2).

Table 2. Values of indices for the comparative analysis between meteorological stations: It/Itc = thermicity
index and compensated thermicity; Io = ombrothermic index; Ic = continentality index; Iosc2,
Iosc3 = summer ombrothermic index.

It/Itc Io Ic Ios2 Ios3 Ios3/Ios2

Aracena 281/281 5.88 17.8 0.29 0.81 2.79
Arjona 321/336 2.84 19.50 0.11 0.30 2.72
Jodar 328/343 2.31 20.0 0.20 0.38 1.90

O. Montiel 195/209 3.30 20.9 0.48 0.86 1.79
Tabernas 388/388 1.14 16.4 0.06 0.10 1.66

Torredonjimeno 322/331 3.25 19.7 0.33 0.55 1.66

The use of cultivation techniques that prolong the time the water reserves remain in
the soil can also mitigate the effects of drought. This can only be done if we know the date
on which the crop begins to undergo stress, as the period of vegetative activity is identified
when the availability D > than the potential evapotranspiration ETP. The regulation period
occurs when D < ETP, and the dry period if the residual evapotranspiration is e > D
(Figure 4).

The bioclimatic diagram for the station of Jodar with a meso-Mediterranean bioclimate
and a dry-semi-arid ombrotype shows how the water availability D for an agricultural
plantation or a forest formation begins to undergo water stress in May, when the residual
evapotranspiration becomes greater than the water availability D, and there is a long period
of drought and a short regulation period. This date can be determined by applying the
bioclimatic diagram of Montero Burgos and González Rebollar [67], somewhat modified by
using only water-related parameters: P = precipitation, ETP = potential evapotranspiration,
D = water availability, R = soil water reserve, e = residual evapotranspiration.

In the case of Aracena, with an upper meso-Mediterranean upper subhumid biocli-
mate, the water availability D becomes less than the evapotranspiration in the first days of
August, although the availability D is less than the ETP from the end of May, implying a
long regulation period and a dry period lasting barely one month; this is because there is
strong compensation thanks to rains in June, Iosc3/Iosc2 = 2.79 (Figure 5).



Agronomy 2022, 12, 2707 10 of 19
 

3 

 

 
Figure 4. Bioclimatic diagram for Jodar: P = precipitation. ETP = potential evapotranspiration.
D = water availability. R = soil water reserve. e = residual evapotranspiration.

Agronomy 2022, 12, x FOR PEER REVIEW 10 of 20 
 

 

Figure 4. Bioclimatic diagram for Jodar: P = precipitation. ETP = potential evapotranspiration. D = 
water availability. R = soil water reserve. e = residual evapotranspiration. 

The bioclimatic diagram for the station of Jodar with a meso-Mediterranean biocli-
mate and a dry-semi-arid ombrotype shows how the water availability D for an agricul-
tural plantation or a forest formation begins to undergo water stress in May, when the 
residual evapotranspiration becomes greater than the water availability D, and there is a 
long period of drought and a short regulation period. This date can be determined by 
applying the bioclimatic diagram of Montero Burgos and González Rebollar [67], some-
what modified by using only water-related parameters: P = precipitation, ETP = potential 
evapotranspiration, D = water availability, R = soil water reserve, e = residual evapotran-
spiration. 

In the case of Aracena, with an upper meso-Mediterranean upper subhumid biocli-
mate, the water availability D becomes less than the evapotranspiration in the first days 
of August, although the availability D is less than the ETP from the end of May, implying 
a long regulation period and a dry period lasting barely one month; this is because there 
is strong compensation thanks to rains in June, Iosc3/Iosc2 = 2.79 (Figure 5). 

 
Figure 5. Bioclimatic diagram for Aracena: P = precipitation, ETP = potential evapotranspiration, D 
= water availability, R = soil water reserve, e = residual evapotranspiration (mm. water); Y: mm. 
Water; X: Month. 

In the case of Tabernas, with an upper thermo-Mediterranean lower semi-arid cli-
mate, the water availability D < ETP in February. The reserve values R and water availa-
bility D for the crop are very low—even zero—as a result of scarce precipitation, and there 
may be a regulation period in the case of an olive-type crop (Figure 6) (Table 3). 

Figure 5. Bioclimatic diagram for Aracena: P = precipitation, ETP = potential evapotranspiration,
D = water availability, R = soil water reserve, e = residual evapotranspiration (mm. water); Y: mm.
Water; X: Month.



Agronomy 2022, 12, 2707 11 of 19

In the case of Tabernas, with an upper thermo-Mediterranean lower semi-arid climate,
the water availability D < ETP in February. The reserve values R and water availability D
for the crop are very low—even zero—as a result of scarce precipitation, and there may be
a regulation period in the case of an olive-type crop (Figure 6) (Table 3).
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Table 3. Parameters for Tabernas: potential evapotranspiration (ETP), residual evapotranspiration (e),
precipitation (P), soil water reserve (R), water availability for plants (D).

Tabernas ETP e P R D

January 23 4.6 16 3 32
February 22 4.4 24 5 21

Mach 36 7.2 20 0 24
April 55 11 28 0 20
May 99 19.8 22 0 28
June 133 26.6 5 0 22
July 168 33.6 2 0 5

August 161 32.2 1 0 2
September 109 21.8 29 0 1

October 69 13.8 43 0 29
November 33 6.6 26 0 43
December 19 3.8 29 10 36

In the case of Torredonjimeno with a lower meso-Mediterranean upper dry bioclimate,
D < ETP from mid-May and never falls below the residual evapotranspiration, meaning
that there is no real dry period (Figure 7).



Agronomy 2022, 12, 2707 12 of 19Agronomy 2022, 12, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 7. Bioclimatic diagram for Torredonjimeno: P = precipitation, ETP = potential evapotranspi-
ration, D = water availability, R = soil water reserve, e = residual evapotranspiration (mm. water). 

In this analysis it can be seen that the regulation period and the dry period differ 
from one locality to another, with four months of drought in Aracena and eight to ten 
months in Tabernas, whereas Torredonjimeno has no drought period at all. 

The strategy involves increasing the regulation period, the phase between D < ETP 
and e > D; this period can be extended with organic soil amendments and the use of veg-
etation cover. 

This work is based on the knowledge of the climate and bioclimate and the flora and 
soil bioindicators, and starts with a thorough study of these bioindicators and their com-
parison with numerous soil analyses carried out in the same location. This allows us to 
implement effective treatments that offer an indispensable resource for managing vegeta-
tion cover in order to maximize its benefits and generate its use by identifying these bio-
indicators and understanding what they reveal. 

For all these reasons we have studied the occurring plant associations from the phy-
tosociological point of view, due to its efficacy and value [26,73,74], but also prioritizing 
soil factors and observing their correlations with the floristic-phytosociological compo-
nent [75]. We take into account the prevailing climate factors in the study areas, which are 
highly influential in determining the presence of these associations. 

Plant communities in cultivated areas may be of two types: first, heathland or thicket 
which acts as a biodiversity center and an element for controlling erosion, as it reduces 
soil loss when it forms part of verges or boundaries; and herbaceous grasslands, whose 
function is also to decrease erosion, although they may be of very different types depend-
ing on the soil and climate characteristics. However, it can be said that all the communities 
act as vegetation cover and intervene in the control of erosion [75]. The use of herbaceous 
plant cover in preference to thicket is advisable, as herbaceous plants do not compete with 
crops for water and nutrients, or only minimally so (Figure 8). 

Figure 7. Bioclimatic diagram for Torredonjimeno: P = precipitation, ETP = potential evapotranspira-
tion, D = water availability, R = soil water reserve, e = residual evapotranspiration (mm. water).

In this analysis it can be seen that the regulation period and the dry period differ from
one locality to another, with four months of drought in Aracena and eight to ten months in
Tabernas, whereas Torredonjimeno has no drought period at all.

The strategy involves increasing the regulation period, the phase between D < ETP
and e > D; this period can be extended with organic soil amendments and the use of
vegetation cover.

This work is based on the knowledge of the climate and bioclimate and the flora
and soil bioindicators, and starts with a thorough study of these bioindicators and their
comparison with numerous soil analyses carried out in the same location. This allows
us to implement effective treatments that offer an indispensable resource for managing
vegetation cover in order to maximize its benefits and generate its use by identifying these
bioindicators and understanding what they reveal.

For all these reasons we have studied the occurring plant associations from the phy-
tosociological point of view, due to its efficacy and value [26,73,74], but also prioritizing soil
factors and observing their correlations with the floristic-phytosociological component [75].
We take into account the prevailing climate factors in the study areas, which are highly
influential in determining the presence of these associations.

Plant communities in cultivated areas may be of two types: first, heathland or thicket
which acts as a biodiversity center and an element for controlling erosion, as it reduces
soil loss when it forms part of verges or boundaries; and herbaceous grasslands, whose
function is also to decrease erosion, although they may be of very different types depending
on the soil and climate characteristics. However, it can be said that all the communities
act as vegetation cover and intervene in the control of erosion [75]. The use of herbaceous
plant cover in preference to thicket is advisable, as herbaceous plants do not compete with
crops for water and nutrients, or only minimally so (Figure 8).
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Living vegetation cover can therefore be described as beneficial, although the use
of plant cover is not new as it was used by the Romans in their vineyards and has been
studied and applied since the early 20th century.

Herbaceous and woody plant cover has been shown to act as a CO2 sink; consequently,
in addition to preventing erosion, it mitigates climate change [41,42,76]. According to
the Spanish Federation of Municipalities and Provinces [77] and NEIKER-Tecnalia [78],
agricultural croplands and forests incorporate CO2 into the soil and act as carbon sinks.
This points to the importance of land use in mitigating climate change; it is estimated
that agricultural croplands incorporate up to 1.98 T/ha per year [79]. The presence of
herbaceous species among the rows of fruit trees, grapevines and olive trees (vegetation
cover) is a generalized practice in integrated production and would produce an additional
increase in carbon uptake that would be equal to or greater than that induced by permanent
pasture (around 0.4 t/ha per year), according to the report issued by the National Institute
for Agrarian Reform (INRA). This is recommended provided the water resource is not
very deficient, as it minimizes the use of herbicides, protects the soil against erosion and
compaction and has positive effects on biodiversity. It is estimated that the establishment
of certain herbaceous crops such as the cardoon (Cynara cardunculus L.) accounts for a net
carbon sequestration of 3.2–3.7 t/ha per year, assuming that this biomass offsets up to
65–75% of the CO2 emissions produced by the use of fossil fuel [39]. Mota et al. studied
the absorption of CO2 by barley, oats and wheat in the region of Murcia using a density of
100 plants per m2 for the specific case of Hordeum, and obtained values of incorporation
of carbon of 325 g C/m2 per year [80], a density equal to low cover. Our sampling plots
covered that range between 25% and 100%, with a mean height of the dominant species of
0.35 m for the Hordeum plots. We obtained 1000 individuals per m2 in the sampled plots,
which represents the incorporation of 3250 gr/m2 of carbon per year, with a cover of 100%
and a mean height of 0.35 m. The calculation of the biovolume (Bv) [81] (Figure 9) for the
different percentages of cover is as follows:
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Figure 9. Bv = S × hm × Cm: Bv = biovolume, S = surface, Cm = medium herbaceous cover,
hm = average height of the dominant species.

To calculate the Biovolume, a pyramid or cube is used, whose base must be the
sampling surface in m2 (S); Cm is the soil covered by vegetation, and hm is the average
height of the dominant species.

Bv100 = 0.35; Bv75 = 0.26; Bv50 = 017; Bv25 = 0.08

The correspondence of each biovolume with the amount of carbon incorporated is
the following:

Bv100 = 0.35 = 3250 gr C/m2; Bv75 = 0.26 = 2414.2 gr C/m2; Bv50 = 017 = 1578.5 gr C/m2; Bv25 = 0.08 = 812.5 gr C/m2

This represents 32.5 tons/hectare per year for 100% cover.
Cultivation and erosion are two very closely related terms, as the erosion of the plot

is determined to a greater or lesser degree by the cultivation technique applied. Tilling
is a traditional but aggressive technique that can lead to losses of 20–40 tons per hectare
per year, compared to 2.5 tons per hectare per year in plots with interspersed strips of
vegetation. This erosion is aggravated by the current climate irregularities. Tilling has
customarily been practiced in order to increase the availability of water for cultivation and
control weeds, and requires ploughing the plot several times. This strategy is now totally
counterproductive as it does not increase water availability but quite the reverse; in a tilled
olive grove the capacity of water to infiltrate in the soil is reduced, leading to the occurrence
of a “tillage pan” caused by repeated transit (compacting) by heavy machinery. Tilling
produces disaggregation, loss of structure, and loss of gasses and organic matter. It has
been demonstrated that a crop tilled for ten years has a 30% loss of organic matter, which
requires having to add high doses of fertilizers to achieve acceptable yields (Figure 10).
However, proper use of organic manure can help improve soil physico-chemical properties
and microbial biomass in an arid climate [82,83].
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The chemical control of weeds has resulted in a situation where the floristic composi-
tion in the phytocoenoses of herbaceous plants has been modified and where the elimination
of certain species has led to the spread of other much more invasive species [80,84,85]. This
is often due to a lack of knowledge about the use of herbicides [86–88], as chemical com-
pounds are applied that are not appropriate for a particular species. We should be careful
not to assume that all the flora present in olive groves is harmful and our enemy. Evidently
this cannot be framed as a battle between what we call "weeds" and humans; it is therefore
advisable to ensure a greater understanding of these weeds and their botanical-ecological
behavior in order to establish control mechanisms.

4. Conclusions

The main aim of this work is to highlight the importance of bioclimatology in the man-
agement of territory. Both the bioclimatic and agronomic studies of cultivation techniques
have proven to be indispensable for a sustainable development that mitigates climate
change. The study shows that there is an incorporation of carbon into the soil that may
approximate 32.5 tons/hectare per year for 100% cover.

Now is the time for all countries to act in a coordinated way to generate economic
models that maintain the quantity and quality of yields without continuing to degrade the
natural environment. Our studies in a variety of territories demonstrate that it is possible
to obtain models of agrarian and forestry production that reverse climate change. These
models allow production to be optimized with the minimum environmental cost. Moreover,
the model allows for crop changes in the face of new climate scenarios.

In certain areas on Earth such as Andalusia, the effects of climate change on agriculture
are becoming catastrophic, as temperatures and rainfall irregularities impact crops and
produce lower yields; this situation is exacerbated in the case of intensive cultivation
with inappropriate agricultural techniques. The placement of crops based on bioclimatic
criteria and the use of autochthonous vegetation covers are two important techniques for
mitigating climate change. It is therefore essential to organize agriculture according to the
bioclimatic profile of the territory. It is also important to use vegetation covers that allay
acute rises in temperature and reduce evapotranspiration, both of which can be achieved
through sustainable development approaches.

Our results show that there are positive and negative temperature trends in Andalusia,
and it is precisely the upward trends that dominate in the Guadalquivir valley, a predomi-
nantly agricultural area with a prevalence of olive groves. This implies rising temperatures,
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a situation which, coupled with high losses in vegetation cover, exacerbates water loss and
ultimately leads to lower yields.
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