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Assessment of Climate Change Impacts on Chilling and Forcing for the Main Fresh Fruit Regions in Portugal












	 
	ORIGINAL RESEARCH
published: 23 June 2021
doi: 10.3389/fpls.2021.689121





[image: image]

Assessment of Climate Change Impacts on Chilling and Forcing for the Main Fresh Fruit Regions in Portugal

Helder Fraga1,2* and João A. Santos1,2

1Centre for the Research and Technology of Agro-Environmental and Biological Sciences, Universidade de Trás-os-Montes e Alto Douro, Vila Real, Portugal

2Institute for Innovation, Capacity Building and Sustainability of Agri-food Production, Vila Real, Portugal

Edited by:
Eike Luedeling, University of Bonn, Germany

Reviewed by:
Carlos Miranda, Public University of Navarre, Spain
Liang Guo, Northwest A&F University, China

*Correspondence: Helder Fraga, hfraga@utad.pt

Specialty section: This article was submitted to Plant Development and EvoDevo, a section of the journal Frontiers in Plant Science

Received: 31 March 2021
Accepted: 31 May 2021
Published: 23 June 2021

Citation: Fraga H and Santos JA (2021) Assessment of Climate Change Impacts on Chilling and Forcing for the Main Fresh Fruit Regions in Portugal. Front. Plant Sci. 12:689121. doi: 10.3389/fpls.2021.689121

Air temperature plays a major role in the growth cycle of fruit trees. Chilling and forcing are two of the main mechanisms that drive temperate fruit development, namely dormancy and active plant development. Given the strong sensitivity of these crops to air temperature and the foreseeable warming under future climates, it becomes imperative to analyze climate change impacts for fruit trees. The fruit sector in Portugal has risen significantly over the last decades, gaining increasing importance both internally and through exports. The present research assesses the impacts of climate change on the chilling and forcing for economically relevant fruit trees in Portugal, namely apples, oranges, pears, and plums. To assess temperate fruit chilling and forcing conditions, the chilling portions (CP) and growing degree-hours (GDH) were computed over Portugal, for the recent-past (1989–2005) and future (2021–2080) periods, following two anthropogenic radiative forcing scenarios (RCP4.5 and RCP8.5). Future climate data were obtained from four regional-global climate model pairs to account for model uncertainties. Bias-correction methodologies were also applied. A spatial analysis over the main regions with PDO “Protected Denomination of Origin” or PDI “Protected Geographical Indication” of origin of each fruit tree was performed. Future projections show a clear decrease in chilling for all regions and fruit types in Portugal. Nonetheless, given the current chilling values in Portugal and the relative importance of chilling accumulation for each fruit type, these changes are more significant for certain varieties of apples than for other types of fruit. Regarding forcing, the future projections highlight an increase in its values throughout the different fruit tree regions in Portugal, which should lead to earlier phenological timings. These changes may bring limitations to some of the most important Portuguese temperate fruit regions. The planning of suitable adaptation measures against these threats is critical to control the risk of exposure to climate change, thus warranting the future sustainability of the Portuguese fruit sector, which is currently of foremost relevance to the national food security and economy.
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INTRODUCTION

Temperature is considered the most important atmospheric factor for crop phenological and physiological development. Therefore, climate change is considered a major threat, as it is expected to alter the canopy microclimatic conditions of crops. As an example, future warming should lead to increasing growing season temperatures and decreasing wintertime chilling (Atkinson et al., 2013; Lee and Sumner, 2016), which may significantly affect the currently adopted plant species. This is particularly important taking into account that some crops are the basis for the socio-economic development and livelihood of some regions. Specifically, for the Mediterranean region, which currently hosts some of the most important fruit orchards in the world, a changing climate may represent an important menace to economically-relevant crops (IPCC, 2014; Fraga et al., 2020b). The Mediterranean regions are considered a climate change hotspot, i.e., “a region for which potential climate change impacts on the environment or different activity sectors can be particularly pronounced” (Giorgi, 2006). Hence, it becomes clear that fruit production in the Mediterranean may be particularly vulnerable to climate change (Baldocchi and Wong, 2008; Luedeling et al., 2011), namely in southern Europe (Atkinson et al., 2013).

As a result of a careful long-term plant selection by growers, each type or variety of fruit tree tends to be grown in the most suitable areas within a given region, resulting in a stable site-crop relationship, with the most adequate pedoclimatic conditions to maximize yield and quality parameters (San-Miguel-Ayanz et al., 2016). This relationship may be threatened under climate change scenarios. Depending on the regional strength of the climate change signal, suitability for each fruit/variety may show contrasting developments under future climates. Given that air temperature is a fundamental atmospheric factor influencing fresh fruit growth and development rates, different fruits/varieties have different thermal thresholds for adequate physiological and phenological development, including fruit ripeness (Schwartz and Hanes, 2010; Ikinci et al., 2014). There are usually two main thermal factors influencing fruit development in temperate climatic regions, i.e., chilling and forcing (Ruiz et al., 2007; Benmoussa et al., 2017; Santos et al., 2018). While the onset of vegetative development generally occurs following a chilling period, actual growth and development are driven by forcing (Osborne et al., 2000).

Temperate fruit species commonly require cool enough winters to fulfill their chilling requirements and allow normal stable development and harvests (Legave et al., 2010; Campoy et al., 2011; Darbyshire et al., 2011). In particular, for apple (Severino et al., 2011; Cardoso et al., 2015), pear (Kretzschmar et al., 2011; Hussain et al., 2015), plum (de Carvalho et al., 2010; Ruiz et al., 2018), a period of relatively low temperatures is needed for regular budding (chill accumulation). For the case of citrus, such as oranges, these plants are usually grown in warmer climates, and exposure to cold temperatures (<5°C) may result in chilling injuries (Yuen et al., 1995; Santos et al., 2019). When spring arrives, forcing becomes a much stronger driver of tree phenology than chilling (Luedeling et al., 2013), and a period of warm temperatures (heat accumulation) is needed for adequate blooming and fruit ripening (Arroyo et al., 2013; Drepper et al., 2020; Rodriguez et al., 2020; Cho et al., 2021).

Given the high sensitivity of temperate fruit trees to thermal conditions, it becomes clear that the ongoing global warming may have significant impacts on fruit quality and productivity (Campoy et al., 2011; Luedeling et al., 2011; Benmoussa et al., 2017, 2020; Buerkert et al., 2020; Fernandez et al., 2020). Hence, assessing present and future chill and heat accumulations is essential for identifying the most suitable fruit tree species for a given site, for maintaining economically viable fruit orchards, or for ensuring that detrimental impacts of climate change can be effectively lessened (Gao et al., 2012). Various studies have combined chill and heat indices for studying thermal requirements of different fruit trees or for developing models of phenology (Maulión et al., 2014; Fraga et al., 2015; Guo et al., 2015b; Santos et al., 2017). Nonetheless, a comprehensive analysis of the main fresh fruit orchards in Portugal, and their relationship with chilling and forcing is still incipient.

In Portugal, fresh fruit crops are particularly important in the socio-economic context of the country, which is known for its high-quality fruit products. Some of the most important regions are illustrated in Figure 1A. Portugal currently has the fourth fruit largest fruit-producing area and is the sixth largest producer in Europe (Eurostat, 2021). This sector is based on an intensive human labor force, which is crucial for the income of several regions in the country. Amongst the most productive fruit species grown in Portugal are oranges, apples and pears. These fruits account for 39, 30, and 19% of the total fruit production in Portugal, respectively (Figure 1B; INE, 2021). The Portuguese climatic characteristics, generally characterized by temperate Mediterranean-type climates (Costa et al., 2016), with moderate temperatures throughout the year and relatively low risk of severe weather (e.g., hailfall, windstorms), are favorable for the development of temperate fresh fruits, such as apples, peaches, pears, amongst others. Over the Portuguese territory, there are several fruit-producing regions, many of which are regulated by law, such as PDO (Protected Denomination of Origin) or PGI (Protected Geographical Indication) regions. According to the EU (2021), “The differences between PDO and PGI are linked primarily to how much of the product’s raw materials must come from the area or how much of the production process has to take place within the specific region.” These geographical distinctions identify high-quality products originating from a specific region, with particular environmental conditions, including climate, soils, besides other natural and human factors. In Portugal, there are several PDO or PGI regions linked to the fresh fruit sector.
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FIGURE 1. (A) Main fresh fruit Denomination of Origin regions over mainland Portugal, including apples, plums oranges, and pears. (B) Chronogram of the main fresh fruit produced in Portugal from 1986 to 2018.


Bearing in mind the key role played by the fruit sector on the national economy and the threats emerging from climate change, it is important to assess the potential impacts that future climate may have on the fresh fruit sector. By providing insight on future trends over the bioclimatic conditions, these outcomes may support decision-making and stakeholders from the Portuguese fruit sector, as timely planning of suitable adaptation measures helps mitigating future losses and promotes the long-term sustainability of this sector.

The present study aims at analyzing the impacts of climate change on chilling and forcing conditions of fruit orchards in Portugal. As such, the objectives of the present study are five-fold: (1) to compute recent-past thermal conditions over Portugal, using the Safe Winter Chill index, based on chilling portions (CP), and the Safe Heat Forcing index, based on the growing degree hours; (2) to link these thermal conditions to the regions where the main fresh fruit crops are located; (3) to compute future changes of these thermal conditions, using an ensemble of bias-corrected high-resolution climate model simulations; (4) to analyze the interannual variability embedded in future climates, as well as uncertainty linked to climate model simulations; (5) to compare different fresh fruit regions and crops under climate change; and, lastly, (6) to discuss potential adaptation measures.



MATERIALS AND METHODS


Fresh Fruit Regions

In the current study, two types of fresh fruit regions are considered: PDO and PGI. These two types of denomination belong to the European Union (EU) Geographical Indications System, which protects the names of products that originate from specific regions. For the sake of succinctness, these two types of regions are henceforth denominated as fresh fruit regions. Currently, eight fresh fruit regions are considered across mainland Portugal, and consequently eight PDO or PGI regions/products (Table 1). These include: Plums from Elvas PDO; Apples from Alcobaça PGI; Apples—Beira Alta PGI; Apples from Cova da Beira PGI; Apples from Portalegre PGI; Apples—from Palmela PDO; Pears—Rocha do Oeste PDO; Oranges—Algarve PGI. Although many other PDO and PGI regions exist within the country, they are out of the scope of the present study. In order to analyze the spatial distribution of fruit orchards within each region, the COS 2010 (“Carta do Uso do Solo”) was used, which is a land use and land cover (LULC) dataset over mainland Portugal (Source: Direção-Geral do Território, http://www.dgterritorio.pt/). The area for fruits is linked to the different fresh fruit regions (either PDO or PGI) and the subsequent analysis is only performed in areas containing fresh fruit trees based on the COS 2010 LULC classes.


TABLE 1. Fresh fruit regions and main fruit varieties grown in Portugal according to the DGADR (Direção-Geral de Agricultura e Desenvolvimento Rural, https://tradicional.dgadr.gov.pt/).
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Chill and Heat Accumulations

Fresh fruit trees (e.g., apple, pear, and plums) have pre-defined thermal ranges for heat and chill requirements. A specified sum of low temperatures is needed for regular budding, while a period of warm temperatures is needed for adequate flowering and fruit maturation, though these pre-requisites are also largely variety-dependent (De Melo-Abreu et al., 2004; Maulión et al., 2014; Santos et al., 2017). To quantify the chill and heat requirements of fresh fruit trees, several modeling approaches have been developed (Benmoussa et al., 2017). In the present study, to assess fruit chilling and forcing, the CP Dynamic model (Fishman et al., 1987) and the Growing Degree Hours (GDH) model (Anderson et al., 1986; Gu, 2016) were computed. Although other widely used models, such as Chilling Hours or growing degree days (e.g., Matzneller et al., 2014; Morais and Carbonieri, 2015; Spinoni et al., 2015), can be used for this purpose, they are usually outperformed by CP and GDH (Luedeling and Brown, 2011).

Both the CP and the GDH take advantage of an hourly assessment of temperatures. The CP dynamical model is based on an hourly temperature curve, ranging from –16 to 24°C, with an optimum around 4°C, from October to February. Furthermore, the CP also takes into account the counteracting effect of higher temperatures on earlier chilling, which is particularly important in warm climates, such as in Portugal (Ruiz et al., 2007; Luedeling et al., 2009). For GDH, in turn, the hourly thermal accumulation occurs from February to October, with a base temperature of 4°C and critical temperature of 36°C, with an optimum at 25°C (Anderson et al., 1986; Guo et al., 2015a). For calculating both GDH and CP, the R® package “chillR” version 0.70.2 was used (Luedeling, 2013). The time periods for thermal accumulation (CP: October to February; GDH: February to October) were hereby selected to take into account possible future changes in plant development timings (advances/delays) (Guo et al., 2015a).



Climatic Data

For the recent-past (1989–2005, henceforth baseline period), daily maximum and minimum (2 m) air temperatures were retrieved from the observation-based E-OBS gridded dataset, version 22.0e (Cornes et al., 2018). Data were retrieved on a 0.1° regular grid (∼10 km resolution). Regarding future projections (2021–2080, henceforth future period), simulations generated by four global-regional climate model pairs (GCM-RCM, Supplementary Table 1), under two future scenarios (RCP4.5 and RCP8.5), were retrieved from the EURO-CORDEX dataset (Jacob et al., 2014), and defined on a 0.125° regular grid (∼12.5 km resolution). Aiming to homogenize the baseline and future periods in terms of their spatial resolution, the baseline period data were bi-linearly interpolated to the coarser EURO-CORDEX grid. This allows the computation of both CP and GDH on the same grid and spatial resolution (12.5 km).

Upon this preliminary assessment, the simulated GCM-RCM daily maximum and minimum temperatures were bias-corrected, using E-OBS as a baseline and applying the “Empirical Quantile Mapping” methodology (Cofiño et al., 2017). Lastly, both CP and GDH are then computed for the future period using the bias-corrected data as input in ‘chillR’ (Luedeling et al., 2013). GDH and CP were computed for each GCM-RCM separately and multi-model ensembles were subsequently computed for the future period. For climate change assessments, three sub-periods were considered and compared to the baseline period (1989–2005), i.e., short-term (2021–2040), medium-term (2061–2080), and long-term (2061–2080). To analyze the agreement among the four global-regional climate model pairs, the future outputs were assessed regarding the model ensemble as well as the model standard deviation. Linear trends over the eight fresh fruit regions for the CP and GDH for the future period were also assessed.

Additionally, for baseline and future subperiods, two other metrics were computed: the Safe Winter Chill, SWC (Luedeling et al., 2011)—the minimum amount of CP found in 90% of all years (the 10th percentile); and the Safe Heat Forcing (SHF)—the minimum amount of GDH found in 90% of all years (the 10th percentile). These two metrics are commonly more useful for growers than average CP and GDH (Luedeling et al., 2011), as they provide the risk of not having enough chilling or forcing during an orchard’s lifetime. Henceforth, for the sake of succinctness, the GDH and SHF values are shown in ×103.

The computation of the CP and GDH was performed over the entire Portuguese mainland, using the gridded datasets described above, and subsequent regional assessment was then performed by extracting data for each region. To compute the CP and GDH values over a large spatial extension, such as mainland Portugal, an additional MATLAB® script was developed to automatize this process. The source code can be found in Supplementary Material.




RESULTS


Historical Safe Winter Chill and Safe Heat Forcing

The spatial patterns of the SWC and SHF for the baseline are shown in Figure 2. In both indices, their patterns show a strong latitudinal gradient, with the warmer areas in the south and the cooler areas in the north. The SWC values throughout the country range from 30 to 40 CP, in the southwestern, to 110, in the northeastern parts of the country (Figure 2A). In effect, values below 40 CP are relatively absent throughout the country, only present in a small area in the south. SHF is commonly greater than 50 GDH (note that GDH values are in ×103) in the inner-most north part of the country, increasing up to 80 GDH in the southern areas (Figure 2B). Values above 80 GDH are currently limited to southern Portugal.
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FIGURE 2. (A) Safe Winter Chill index over mainland Portugal for the baseline period (1989–2005) and for three future periods (2021–2040, 2041–2060, and 2061–2080) and two future scenarios (RCP4.5 and RCP8.5). (B) Same as panel (A) but for the Safe Heat Forcing index, values are shown in ×103.


A regional assessment of the values of the CP and GDH was also performed over the selected fresh fruit regions (Figure 3). Regarding CP (Figure 3A), the regions that currently have lower CP values are devoted to orange production in “Algarve” (40–60 CP). This was anticipated, as it is known that orange development is not limited by chilling requirements. Surprisingly, apples from “Palmela” also show low CP values (40–65 CP), very similar to those of “Algarve.” These low CP values may prove useful under future warmer climates. Subsequently, apples from “Alcobaça” and pears from “Oeste” show CP values ranging from 50 to 70 CP. The fresh fruit regions with the highest CP values are apple producers in “Cova da Beira” and “Beira Alta,” with values of 85–95 CP. Regarding GDH (Figure 3B), opposite gradients are found, meaning that the regions with the lowest CP have the highest GDH, and vice-versa. In Portugal, the fresh fruit region with the highest heat forcing values is “Algarve” (∼95 GDH), which mainly produces oranges, whereas the lowest value (∼68 GDH) is found in “Beira Alta,” a region that typically produces apples.
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FIGURE 3. Boxplots representing the chilling portions (CP) (A) and growing degree hours (GDH) (B) over the selected eight fresh fruit regions. The regional mean (circle) and median (cross) are depicted, as well as the minima and maxima (outer dashes). The regions are ranked from the lowest to the highest mean values of SWC and SHF, respectively. GDH and SHF values are shown in ×103.




Future Projections

The climate change projections for SWC reveal a strong decrease (Figure 2A), pointing to generalized warming throughout Portugal. This reduction is noticeably stronger under RCP8.5 and more pronounced for the latter sub-periods (2041–2060 and 2061–2080), which are subjected to stronger anthropogenic forcing. For RCP4.5, the reduction is limited to -12 CP until the last period. Conversely, for the more severe scenario, the reduction in chilling can be larger than -24 CP. In fact, the reduction of chilling is expected to be much stronger in inner Portugal (<-20 CP for RCP8.5) than in southern coastal areas.

Concerning SHF (Figure 2B), this index reveals an increase over most of Portugal, particularly over the northern and western areas (up to +15 GDH under RCP8.5). The increase in GDH does not linearly reflect the upward trend in temperature, due to the critical threshold in heat accumulation from this index definition. Although, it is expected that in some areas the increase in GDH is not very noticeable, the overall warming can be several times higher, due to this upper temperature threshold. Conversely, some areas in the cooler northern regions may benefit from future warming, owing to the more frequent nearly optimum temperatures for fruit growth (25°C), while southern areas, which are already considered very hot, may become excessively warm, with more frequent above-optimum temperatures. Hence, the northeast-south gradient in heat accumulation over Portugal should be reduced under future climates.

With respect to the interannual variability and CP-GDH evolution under future climates, it is consistent with the subperiod mean (Figures 4, 5). Overall, the CP shows a decreasing trend until 2080, while the GDH shows an increasing trend, although less pronounced. For the CP, under RCP4.5, future liner trends (LT) for the fresh fruit regions range from LT = −0.15 to −0.18 CP/year. For RCP8.5, LT range from −0.39 to −0.53 CP/year. For the GDH increasing future trend are found, which are quite similar for the two future scenarios, range from LT = 0.01 to 0.05 GDH/year. Also in Figures 4, 5, the climate model agreement and uncertainties can be analyzed. It becomes clear that the climate change signal of both chill accumulation and heat forcing is also very robust. The model standard deviation (spread) shows the same trends as the climate model ensemble mean. Generally, RCP4.5 shows a higher agreement amongst models than RCP8.5, particularly after 2050. The climate model standard deviation from 2050 onward is relatively large, which indicates a strong model uncertainty for this index. These uncertainties are also stronger for the regions in the innermost areas of the country, which tend to be apple-producing areas. For the GDH model standard deviation is similar across all regions and future climatic scenarios.
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FIGURE 4. Chronograms (2020–2080) of the Chilling Portions (CP) index for the two future scenarios (RCP4.5 and RCP8.5) over the selected eight denominations of origin regions in mainland Portugal: (A) Plums—Elvas; (B) apples—Alcobaça; (C) apples—Beira Alta; (D) apples—Cova da Beira; (E) apples—Portalegre; (F) apples—Palmela; (G) pears—Rocha do Oeste; (H) oranges—Algarve. Thick lines represent the climate model ensemble means of each RCP as a function of time, while shaded areas represent the corresponding climate model standard deviations.
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FIGURE 5. Same as Figure 4 but for the Growing Degree Hour (GDH) index. Values are shown in ×103.


Figure 6 shows that, regionally, Portugal is expected to undergo important climatic changes for temperate fruit trees. For all regions, the chilling accumulation is generally projected to decrease, whereas the heat accumulation is projected to increase, owing to heat stress conditions under much warmer wintertime and spring-summer periods. From the regional analysis under future climate, it is clear that some apple-, pear-, and plum-producing regions are expected to have chilling conditions similar or even warmer than todays’ orange-producing regions. This is the case of “Elvas” for plums, “Alcobaça,” “Palmela” for apples and “Rocha do Oeste” for pears. Furthermore, under RCP8.5, this enhanced warming during winter may lead to detrimental conditions for several varieties planted in these regions. Regarding forcing, “Beira Alta,” “Cova da Beira,” and “Portalegre,” which are apple-producing regions, will remain as the regions with the lowest GDH values.
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FIGURE 6. Boxplots of the distribution of (A) Chilling Portions (CP) and (B) Growing Degree Hours (GDH), for baseline and two future scenarios (RCP4.5 and RCP8.5), and by the denomination of origin regions. Each box represents the 25th and 75th quantiles, the inner circle the mean, and the inner line the median. The outer whiskers represent the maxima and minima. GDH values are shown in ×103.





DISCUSSION AND CONCLUSION

The objectives of the present study were to quantify the impacts of climate change on the main fresh fruit regions in Portugal. Chilling and forcing for plants were computed using bias-corrected data from several RCM-GCM model chains. Given the results for the future chilling and forcing in Portuguese fruit orchards, it is evident that climate change may have important implications for these food crops. These results are in agreement with previous studies that suggested that the current fruit production might be particularly vulnerable under future climate (Baldocchi and Wong, 2008; Luedeling et al., 2011).

Portugal will undergo strong declines in winter chilling. The generalized decrease in SWC will more severely affect the inner-most regions of the country, in agreement with several studies (Luedeling and Brown, 2011; Luedeling et al., 2011; Fraga et al., 2019). Important fruit regions are affected by this change, and the more chill demanding trees, such as plum, apple, or pear (Luedeling et al., 2013; Morais and Carbonieri, 2015), may indeed suffer the strongest impacts. The northern apple growing areas are particularly exposed to chilling reduction, evidencing the significance of the current study for supporting effective climate change adaptation measures of fresh fruit crops. Higher winter temperatures may be detrimental, as insufficient chilling may cause delayed budding and foliation, resulting in low fruit-set/yields (Petri and Leite, 2004). Furthermore, a stronger inter-annual chill variability may lead to new problems (Ghrab et al., 2014), while the lack of proper winter chill may increase bud abscission, causing growth anomalies (Petri and Leite, 2004). For other less chill demanding fruit trees or trees with no chilling requirments, such as oranges, the projected chilling should not affect a proper flowering and fruit-set, and a more positive response to this warming is expected (Guo et al., 2015a). This fruit/region should benefit from the projected warming, as warmer conditions tend to benefit crop yields (Tubiello et al., 2002). Nonetheless, it is important to note that this study does not consider other climate change-related aspects, such as water availability in the future.

Regarding forcing, the ensemble projections indicate that Portugal will experience enhanced warming during the plant developmental stage, with a very high agreement amongst the 4-GCM-RCM models. The generalized increase in SHF will tend to affect more severely the southern and coastal areas of the country. A higher forcing during the growing season should result in earlier phenological stages with multiple implications, as the temperature plays a key role in determining phenology (El Yaacoubi et al., 2020). As an example, earlier bloom could potentially coincide with spring frost, resulting in damage to flowers. Earlier flowering may also reduce the pollination periods and enhance plant competition for nutrients and water (Lorite et al., 2020). Additionally, higher temperatures during ripening may result in faster and unbalanced fruit maturity, which may lead to implications on fruit quality, fruit-set, and yields (Campoy et al., 2011; Luedeling et al., 2011). It should be noted that the effect of extreme weather events such as heatwaves are not taken into account by these indices, and are expected to become a major thread for the Mediterranean orchards under future cliamtes (Fraga et al., 2020a).

The present study outcomes suggest a loss of suitability of some current fruticulture areas, owing to lower chilling during autumn-winter and warming during spring–summer, particularly in innermost areas of the country. Climate change impacts will be closely tied to the fruit trees growing in a given region (Luedeling et al., 2011; Atkinson et al., 2013). It is important to note that the present findings are also crop- and variety-dependent, and may not be directly compared given the specificities of each crop and variety (Guo et al., 2015a). However, timely planning of suitable adaptation measures may help mitigating future yield/quality losses and warrant the future sustainability of this sector. Crop relocation, though possible, is a long-term measure and is far from being an ideal solution. Hence, to deal with this regional climatic change, it becomes crucial to develop and implement suitable cultural practices designed to deal with specific climate change threats.

Regarding the lower chilling, the focus must be given to the adoption of less chill-demanding varieties or clones. The current study allows to differentiate between fresh fruit regions and the varieties grown therein, i.e., different types of apples are grown at each of the regions, each with different chilling requirements. The availability of varieties with lower chilling requirements may increase the future sustainability of this sector and is certainly a suitable adaptation option for the most affected areas. It is clear that under future climates and lower overall chilling, some of these varieties will tend to migrate to other regions, depending on the regional climate conditions. The importance of variety selection for crop adaptation has been highlighted by several studies (Soloklui et al., 2017; Rodriguez et al., 2019).

Nonetheless, it is projected that under the most severe scenario (RCP8.5), the reduction in SWC should be much more intense. Furthermore, taking into account model uncertainties, some models predict a very strong reduction of CP, with a higher interannual variability, more pronounced after 2050, in agreement with other studies (Rodriguez et al., 2021). It becomes clear that in the Mediterranean areas, which are indeed a climate change hot spot, there can be difficulties fulfilling apple chilling requirements under future climatic conditions (Funes et al., 2016; Fernandez et al., 2020). For these cases, it is expected that changing varieties may not be sufficient, and other adaptation options should be envisioned. The development of practices to artificially break dormancy can also be considered (Luedeling et al., 2011). Other cultural practices, such as the improvement and adoption of appropriate scion-rootstock combinations, or even targueted defoliation may also potentially reduce chilling requirements.

To deal with excessive heat during spring-summer, more focus should be given to plant thermal stress. The implementation of deficit-irrigation strategies might be a suitable adaptation strategy under future warmer climates (Lorite et al., 2020). Additionally, the reduction of excessive heat and radiation fluxes can be achieved through the application of sunscreens, or certain types of shading systems, which may influence orchard microclimates (Glenn et al., 2002; Lopez et al., 2018). Furthermore, more heat-tolerant plant varieties and more adapted varieties should also be selected. Nonetheless, taking into account the degrees of severity of the different climate change scenarios, these adaptation measures may not be sufficient, e.g., under RCP8.5, and crop relocation may also be necessary. Certain subtropical or tropical fruits are naturally adapted to warm climates and may replace some current temperate fruit trees currently grown in Portugal. Nonetheless, growers will play a central role in this decision-making process toward climate change adaptation and risk reduction. Besides, the adoption of these measures requires further research and planning to ensure the future economic sustainability of fruit orchards in Portugal. As a final remark, this study results support that local adaptation will be much more feasible under a moderate warming scenario (RCP4.5), which is yet another reason to limit the warming rate within the 1.5°C, as recommended by the Paris Agreements and the last IPCC special report (IPCC, 2019).

It should be pointed out that, that under future climates the relationship between chilling and forcing may not be linear and these two factors are not independent of each other. A higher forcing under climate change does not necessarily result in earlier phenological stages, since warmer winters may result in delayed chilling fulfillment. Furthermore, chilling and forcing have a compensation effect, by which some chill beyond a minimum requirement can lower the amount of heat required for plants (Pope et al., 2014). Therefore, additional studies are necessary to address the issue of lower chilling and higher forcing for plants under future climate scenarios.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

Both authors have contributed to this article and agreed with the contents.



FUNDING

This work was financed by the CoaClimateRisk project (COA/CAC/0030/2019) financed by National Funds by the Portuguese Foundation for Science and Technology (FCT). HF thanks the FCT for contract CEECIND/00447/2017.



ACKNOWLEDGMENTS

This work was financed by the CoaClimateRisk “O impacto das alterações climáticas e medidas de adaptação para as principais culturas agrícolas na região do Vale do Côa” project (COA/CAC/0030/2019) financed by National Funds by the Portuguese Foundation for Science and Technology (FCT). This work was supported by National Funds by FCT, under the projects UIDB/04033/2020 and LA/P/0126/2020. HF thanks the FCT for contract CEECIND/00447/2017.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.689121/full#supplementary-material



REFERENCES

Anderson, J. L., Richardson, E. A., and Kesner, C. D. (1986). “Validation of chill unit and flower bud phenology models for ‘Montmorency’ sour cherry,” in Proceedings of the International Society for Horticultural Science (ISHS), Leuven, 71–78. doi: 10.17660/actahortic.1986.184.7

Arroyo, F. T., Jimenez-Bocanegra, J. A., Garcia-Galavis, P. A., Santamaria, C., Camacho, M., Castejon, M., et al. (2013). Comparative tree growth, phenology and fruit yield of several Japanese plum cultivars in two newly established orchards, organic and conventionally managed. Span. J. Agric. Res. 11, 155–163. doi: 10.5424/sjar/2013111-3282

Atkinson, C. J., Brennan, R. M., and Jones, H. G. (2013). Declining chilling and its impact on temperate perennial crops. Environ. Exp. Bot. 91, 48–62. doi: 10.1016/j.envexpbot.2013.02.004

Baldocchi, D., and Wong, S. (2008). Accumulated winter chill is decreasing in the fruit growing regions of California. Clim. Chang. 87, S153–S166.

Benmoussa, H., Ghrab, M., Ben Mimoun, M., and Luedeling, E. (2017). Chilling and heat requirements for local and foreign almond (Prunus dulcis Mill.) cultivars in a warm mediterranean location based on 30 years of phenology records. Agric. For. Meteorol. 239, 34–46. doi: 10.1016/j.agrformet.2017.02.030

Benmoussa, H., Luedeling, E., Ghrab, M., and Ben Mimoun, M. (2020). Severe winter chill decline impacts Tunisian fruit and nut orchards. Clim. Chang. 162, 1249–1267.

Buerkert, A., Fernandez, E., Tietjen, B., and Luedeling, E. (2020). Revisiting climate change effects on winter chill in mountain oases of northern Oman. Clim. Chang. 162, 1399–1417. doi: 10.1007/s10584-020-02862-8

Campoy, J. A., Ruiz, D., and Egea, J. (2011). Dormancy in temperate fruit trees in a global warming context: a review. Sci. Horticult. 130, 357–372. doi: 10.1016/j.scienta.2011.07.011

Cardoso, L. S., Bergamaschi, H., Bosco, L. C., De Paula, V. A., and Nachtigal, G. R. (2015). Chill units for apples trees in the region of Vacaria – RS Brazil. Rev. Brasil. Fruticult. 37, 289–295.

Cho, J. G., Kumar, S., Kim, S. H., Han, J. H., Durso, C. S., and Martin, P. H. (2021). Apple phenology occurs earlier across South Korea with higher temperatures and increased precipitation. Int. J. Biometeorol. 65, 265–276. doi: 10.1007/s00484-020-02029-1

Cofiño, A. S., Bedia, J., Iturbide, M., Vega, M., Herrera, S., Fernández, J., et al. (2017). The ECOMS user data gateway: towards seasonal forecast data provision and research reproducibility in the era of climate services. Clim. Serv. 9, 33–43. doi: 10.1016/j.cliser.2017.07.001

Cornes, R. C., Van Der Schrier, G., Van Den Besselaar, E. J. M., and Jones, P. D. (2018). An ensemble version of the e-obs temperature and precipitation data sets. J. Geophys. Res. Atmos. 123, 9391–9409. doi: 10.1029/2017jd028200

Costa, R., Fraga, H., Fernandes, P. M., and Santos, J. A. (2016). Implications of future bioclimatic shifts on Portuguese forests. Reg. Environ. Chang. 17, 117–127. doi: 10.1007/s10113-016-0980-9

Darbyshire, R., Webb, L., Goodwin, I., and Barlow, S. (2011). Winter chilling trends for deciduous fruit trees in Australia. Agric. For. Meteorol. 151, 1074–1085. doi: 10.1016/j.agrformet.2011.03.010

de Carvalho, R. I. N., Biasi, L. A., Zanette, F., Rendoke, J. C., Santos, J. M., and Pereira, G. P. (2010). Endodormancy of peach and plum tree buds in a region of low Chill occurrence. Rev. Brasil. Fruticul. 32, 769–777.

De Melo-Abreu, J. P., Barranco, D., Cordeiro, A. M., Tous, J., Rogado, B. M., and Villalobos, F. J. (2004). Modelling olive flowering date using chilling for dormancy release and thermal time. Agric. For. Meteorol. 125, 117–127. doi: 10.1016/j.agrformet.2004.02.009

Drepper, B., Gobin, A., Remy, S., and Van Orshoven, J. (2020). Comparing apple and pear phenology and model performance: what seven decades of observations reveal. Agronomy 10:73. doi: 10.3390/agronomy10010073

El Yaacoubi, A., El Jaouhari, N., Bourioug, M., El Youssfi, L., Cherroud, S., Bouabid, R., et al. (2020). Potential vulnerability of Moroccan apple orchard to climate change-induced phenological perturbations: effects on yields and fruit quality. Int. J. Biometeorol. 64, 377–387. doi: 10.1007/s00484-019-01821-y

EU (2021). Quality Schemes Explained [Online]. Available online at: https://ec.europa.eu/info/food-farming-fisheries/food-safety-and-quality/certification/quality-labels/quality-schemes-explained_en (accessed March 30, 2021).

Eurostat (2021). The Fruit and VEGETABLE sector in the EU – a STATISTICAL overview [Online]. Available online at: https://ec.europa.eu/eurostat/statistics-explained/index.php/The_fruit_and_vegetable_sector_in_the_EU_-_a_statistical_overview (accessed March 30, 2021).

Fernandez, E., Whitney, C., Cuneo, I. F., and Luedeling, E. (2020). Prospects of decreasing winter chill for deciduous fruit production in Chile throughout the 21st century. Clim. Chang. 159, 423–439. doi: 10.1007/s10584-019-02608-1

Fishman, S., Erez, A., and Couvillon, G. A. (1987). The temperature-dependence of dormancy breaking in plants - mathematical-analysis of a 2-step model involving a cooperative transition. J. Theor. Biol. 124, 473–483. doi: 10.1016/s0022-5193(87)80221-7

Fraga, H., Costa, R., Moutinho-Pereira, J., Correia, C. M., Dinis, L. T., Goncalves, I., et al. (2015). Modeling phenology, water status, and yield components of three portuguese grapevines using the STICS crop model. Am. J. Enol. Viticult. 66, 482–491. doi: 10.5344/ajev.2015.15031

Fraga, H., Molitor, D., Leolini, L., and Santos, J. A. (2020a). What is the impact of heatwaves on european viticulture? a modelling assessment. Appl. Sci. 10:3030. doi: 10.3390/app10093030

Fraga, H., Pinto, J. G., and Santos, J. A. (2019). Climate change projections for chilling and heat forcing conditions in European vineyards and olive orchards: a multi-model assessment. Clim. Chang. 152, 179–193. doi: 10.1007/s10584-018-2337-5

Fraga, H., Pinto, J. G., Viola, F., and Santos, J. A. (2020b). Climate change projections for olive yields in the Mediterranean Basin. Int. J. Climatol. 40, 769–781. doi: 10.1002/joc.6237

Funes, I., Aranda, X., Biel, C., Carbo, J., Camps, F., Molina, A. J., et al. (2016). Future climate change impacts on apple flowering date in a Mediterranean subbasin. Agricu. Water Manag. 164, 19–27. doi: 10.1016/j.agwat.2015.06.013

Gao, Z. H., Zhuang, W. B., Wang, L. J., Shao, J., Luo, X. Y., Cai, B. H., et al. (2012). Evaluation of Chilling and heat requirements in Japanese apricot with three models. Hortscience 47, 1826–1831. doi: 10.21273/hortsci.47.12.1826

Ghrab, M., Ben Mimoun, M., Masmoudi, M. M., and Ben Mechlia, N. (2014). Chilling trends in a warm production area and their impact on flowering and fruiting of peach trees. Sci. Horticult. 178, 87–94. doi: 10.1016/j.scienta.2014.08.008

Giorgi, F. (2006). Climate change hot-spots. Geophys. Res. Lett. 33:L08707. doi: 10.1029/2006GL025734

Glenn, D. M., Prado, E., Erez, A., Mcferson, J., and Puterka, G. J. (2002). A reflective, processed-kaolin particle film affects fruit temperature, radiation reflection, and solar injury in apple. J. Am. Soc. Horticult. Sci. 127, 188–193. doi: 10.21273/jashs.127.2.188

Gu, S. (2016). Growing degree hours - a simple, accurate, and precise protocol to approximate growing heat summation for grapevines. Int. J. Biometeorol. 60, 1123–1134. doi: 10.1007/s00484-015-1105-8

Guo, L., Dai, J. H., Wang, M. C., Xu, J. C., and Luedeling, E. (2015a). Responses of spring phenology in temperate zone trees to climate warming: a case study of apricot flowering in China. Agric. For. Meteorol. 201, 1–7. doi: 10.1016/j.agrformet.2014.10.016

Guo, L., Xu, J., Dai, J., Cheng, J., and Luedeling, E. (2015b). Statistical identification of chilling and heat requirements for apricot flower buds in Beijing. China. Sci. Horticult. 195, 138–144. doi: 10.1016/j.scienta.2015.09.006

Hussain, S., Liu, G. Q., Liu, D. F., Ahmed, M., Hussain, N., and Teng, Y. W. (2015). Study on the expression of dehydrin genes and activities of antioxidative enzymes in floral buds of two sand pear (Pyrus pyrifolia Nakai) cultivars requiring different chilling hours for bud break. Turk. J. Agric. For. 39, 930–939. doi: 10.3906/tar-1407-164

Ikinci, A., Mamay, M., Unlu, L., Bolat, I., and Ercisli, S. (2014). Determination of heat requirements and effective heat summations of some pomegranate cultivars grown in Southern Anatolia. Erwerbs Obstbau 56, 131–138. doi: 10.1007/s10341-014-0220-8

INE (2021). Instituto Nacional de Estatística. Available online at: http://www.ine.pt/ [Online] (accessed March 30, 2021).

IPCC (2014). “Climate change 2014: impacts, adaptation, and vulnerability. Part B: regional aspects,” in Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, eds V. R. Barros, C. B. Field, D. J. Dokken, M. D. Mastrandrea, K. J. Mach, T. E. Bilir, et al. (New York, NY: Cambridge University Press).

IPCC (2019). “Summary for policymakers,” in Climate Change and Land: an IPCC Special Report on Climate Change, Desertification, Land Degradation, Sustainable Land Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems, eds P. R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-O. Pörtner, D. C. Roberts, et al. (Geneva: World Meteorological Organization), 32.

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L. M., et al. (2014). EURO-CORDEX: new high-resolution climate change projections for European impact research. Reg. Environ. Chang. 14, 563–578.

Kretzschmar, A. A., Brighenti, L. M., Rufato, L., Pelizza, T. R., Silveira, F. N., Miquelutti, D. J., et al. (2011). “Chilling requirement for dormancy bud break in European Pear,” in Xi International Pear Symposium, eds E. E. Sanchez, D. Sugar, and A. D. Webster (Leuven: International Social Horticultural Science), 85–88. doi: 10.17660/actahortic.2011.909.7

Lee, H., and Sumner, D. A. (2016). Modeling the effects of local climate change on crop acreage. Calif. Agric. 70, 9–14. doi: 10.3733/ca.v070n01p9

Legave, J. M., Baculat, B., and Brisson, N. (2010). “Assessment of Chilling requirements of Apricot Floral Buds: comparison of three contrasting chilling models under Mediterranean conditions,” in Viii International Symposium on Temperate Zone Fruits in the Tropics and Subtropics, eds F. G. Herter, G. B. Leite, and M. Raseira (Leuven: International Social Horticultural Science).

Lopez, G., Boini, A., Manfrini, L., Torres-Ruiz, J. M., Pierpaoli, E., Zibordi, M., et al. (2018). Effect of shading and water stress on light interception, physiology and yield of apple trees. Agric. Water Manag. 210, 140–148. doi: 10.1016/j.agwat.2018.08.015

Lorite, I. J., Cabezas-Luque, J. M., Arquero, O., Gabaldón-Leal, C., Santos, C., Rodríguez, A., et al. (2020). The role of phenology in the climate change impacts and adaptation strategies for tree crops: a case study on almond orchards in Southern Europe. Agric. For. Meteorol. 294, 108142. doi: 10.1016/j.agrformet.2020.108142

Luedeling, E. (2013). chillR – Statistical Methods For Phenology Analysis in Temperate Fruit Trees. R Package version. Available online at: http://cran.r-project.org/web/packages/chillR [Online] (accessed May 13, 2021).

Luedeling, E., and Brown, P. H. (2011). A global analysis of the comparability of winter chill models for fruit and nut trees. Int. J. Biometeorol. 55, 411–421. doi: 10.1007/s00484-010-0352-y

Luedeling, E., Girvetz, E. H., Semenov, M. A., and Brown, P. H. (2011). Climate change affects winter chill for temperate fruit and nut trees. PLos One 6:e20155. doi: 10.1371/journal.pone.0020155

Luedeling, E., Kunz, A., and Blanke, M. M. (2013). Identification of chilling and heat requirements of cherry trees-a statistical approach. Int. J. Biometeorol. 57, 679–689. doi: 10.1007/s00484-012-0594-y

Luedeling, E., Zhang, M. H., and Girvetz, E. H. (2009). Climatic changes lead to declining winter chill for fruit and nut trees in California during 1950-2099. PLoS One 4:e6166. doi: 10.1371/journal.pone.0006166

Matzneller, P., Blumel, K., and Chmielewski, F. M. (2014). Models for the beginning of sour cherry blossom. Int. J. Biometeorol. 58, 703–715. doi: 10.1007/s00484-013-0651-1

Maulión, E., Valentini, G. H., Kovalevski, L., Prunello, M., Monti, L. L., Daorden, M. E., et al. (2014). Comparison of methods for estimation of chilling and heat requirements of nectarine and peach genotypes for flowering. Sci. Horticult. 177, 112–117. doi: 10.1016/j.scienta.2014.07.042

Morais, H., and Carbonieri, J. (2015). Chilling hours and units in apple orchards with distinct microclimate. Rev. Brasil. Fruticult. 37, 1–12.

Osborne, C. P., Chuine, I., Viner, D., and Woodward, F. I. (2000). Olive phenology as a sensitive indicator of future climatic warming in the Mediterranean. Plant Cell Environ. 23, 701–710. doi: 10.1046/j.1365-3040.2000.00584.x

Petri, J. L., and Leite, G. B. (2004). “Consequences of insufficient winter chilling on apple tree bud-break,” in Proceedings of the International Society for Horticultural Science (ISHS), Leuven, 53–60. doi: 10.17660/actahortic.2004.662.4

Pope, K. S., Da Silva, D., Brown, P. H., and Dejong, T. M. (2014). A biologically based approach to modeling spring phenology in temperate deciduous trees. Agric. For. Meteorol. 198, 15–23. doi: 10.1016/j.agrformet.2014.07.009

Rodriguez, A., Perez-Lopez, D., Centeno, A., and Ruiz-Ramos, M. (2021). Viability of temperate fruit tree varieties in Spain under climate change according to chilling accumulation. Agric. Syst. 186:102961. doi: 10.1016/j.agsy.2020.102961

Rodriguez, A., Perez-Lopez, D., Sanchez, E., Centeno, A., Gomara, I., Dosio, A., et al. (2019). Chilling accumulation in fruit trees in Spain under climate change. Nat. Hazards Earth Syst. Sci. 19, 1087–1103. doi: 10.5194/nhess-19-1087-2019

Rodriguez, A. B., Munoz, A. R., Curetti, M., and Raffo, M. D. (2020). IMPACT OF SEASONAL CLIMATE VARIABILITY ON THE PHENOLOGY OF PEAR (Pyrus communis L.) CV. WILLIAMS FROM RIO NEGRO-ARGENTINA. Chil. J. Agric. Anim. Sci. 36, 129–139. doi: 10.29393/chjaas36-11ia40011

Ruiz, D., Campoy, J. A., and Egea, J. (2007). Chilling and heat requirements of apricot cultivars for flowering. Environ. Exp. Bot. 61, 254–263. doi: 10.1016/j.envexpbot.2007.06.008

Ruiz, D., Egea, J., Salazar, J. A., and Campoy, J. A. (2018). Chilling and heat requirements of Japanese plum cultivars for flowering. Sci. Horticult. 242, 164–169. doi: 10.1016/j.scienta.2018.07.014

San-Miguel-Ayanz, J., De Rigo, D., Caudullo, G., Houston Durrant, T., Mauri, A., Tinner, W., et al. (2016). European Atlas of Forest Tree Species. Luxembourg: European Commission.

Santos, J. A., Costa, R., and Fraga, H. (2017). Climate change impacts on thermal growing conditions of main fruit species in Portugal. Clim. Chang. 140, 273–286. doi: 10.1007/s10584-016-1835-6

Santos, J. A., Costa, R., and Fraga, H. (2018). New insights into thermal growing conditions of Portuguese grapevine varieties under changing climates. Theor. Appl. Climatol. 135, 1215–1226. doi: 10.1007/s00704-018-2443-3

Santos, M., Fraga, H., Belo-Pereira, M., and Santos, J. A. (2019). Assessment of growing thermal conditions of main fruit species in portugal based on hourly records from a weather station network. Appl. Sci. 9:3782. doi: 10.3390/app9183782

Schwartz, M. D., and Hanes, J. M. (2010). Continental-scale phenology: warming and chilling. Int. J. Climatol. 30, 1595–1598. doi: 10.1002/joc.2014

Severino, V., Arbiza, H., Arias, M., Manzi, M., and Gravina, A. (2011). Modelos de cuantificación de frío efectivo invernal adaptados a la producción de manzana en Uruguay. Agroc. Uruguay 15, 19–28.

Soloklui, A. A. G., Gharaghani, A., Oraguzie, N., Eshghi, S., and Vazifeshenas, M. (2017). Chilling and Heat requirements of 20 iranian pomegranate cultivars and their correlations with geographical and climatic parameters, as well as tree and fruit characteristics. Hortscience 52, 560–565. doi: 10.21273/hortsci11614-16

Spinoni, J., Vogt, J., and Barbosa, P. (2015). European degree-day climatologies and trends for the period 1951-2011. Int. J. Climatol. 35, 25–36. doi: 10.1002/joc.3959

Tubiello, F. N., Rosenzweig, C., Goldberg, R. A., Jagtap, S., and Jones, J. W. (2002). Effects of climate change on US crop production: simulation results using two different GCM scenarios. Part I: Wheat, potato, maize, and citrus. Clim. Res. 20, 259–270. doi: 10.3354/cr020259

Yuen, C. M. C., Tridjaja, N. O., Wills, R. B. H., and Wild, B. L. (1995). Chilling injury development of tahitian lime, emperor mandarine, marsh grapefruit and Valencia Orange. J. Sci. Food Agric. 67, 335–339. doi: 10.1002/jsfa.2740670310


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Fraga and Santos. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-12-689121-t001.jpg
Region

Plums—Elvas PDO
Apples—Alcobaga PGl

Apples—Beira Alta PG

Apples—Cova da Beira PGl

Apples—Portalegre Maga PGl

Apples—Riscadinha de
Palmela PDO

Pear—Rocha do Oeste PDO
Orange—Algarve PGl

Main variety

Rainha Cldudia

Casa Nova, Golden Delicious, Red Delicious,
Gala, Fuji, Granny Smith, Jonagold, Reineta, Pink

Golden, Gala, Red Delicious, Starking, Jonagold,
Granny Smith, Jonared, Reineta

Golden Delicious, Red Delicious, Jersey Mac,
Bravo de Esmolfe

Bravo
Riscadinha

Rocha
Newhall, Valencia Late





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Assessment of Climate Change Impacts on Chilling and Forcing for the Main Fresh Fruit Regions in Portugal



		INTRODUCTION



		MATERIALS AND METHODS



		Fresh Fruit Regions



		Chill and Heat Accumulations



		Climatic Data







		RESULTS



		Historical Safe Winter Chill and Safe Heat Forcing



		Future Projections







		DISCUSSION AND CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fpls-12-689121-g001.jpg
400
350

- N N O
O OO O O
o O o o

5 100

Fruit production (t x 10°)

o
o

Plums-Elvas
Apples-Beira Alta
Apples-Cova da Beira
Apples Portalegre
Apples-Palmela
Apples-Alcobaca

Pear-Rocha do Oeste

Oranges-Algarve

—Pear —Apple —Plum -——-Orange

'W\wﬂ J

P e ,—"\
| | '] '] | 1 1 | | || '] | || | | '] W—l '] | ] | | | | '] '] | | | | || I ] | | | ]
({e) 0 () AN < ({e] (o] o AN < ({e] (e0] o AN < ({e] o0
(oe) (o0 (e)] N ()] ()] N o o o (=] o ™ - ™ - ™-—
(o)} ()] (7] (o)) (o)} (o)] (o)] o o o (=] o (=] o o (] o
™ ™ — ™ ™ ™ cN N N N N N N N N N






OPS/images/fpls-12-689121-g002.jpg
1989-2005

Portugal

Spain

Legend
SWC

21-30
L 131-40
L l#1.50
B 51-60
P e1-70
P 71 -80
B 81-90
B 91 - 100
B 101-110

111 -120

2021-2040

Portugal

Portugal

Portugal

2041-2060 2061-2080
2 24

Safe Winter Chill

1989-2005

Portugal

- hit- |1|:120
S

Portugal

- h'i’- " :|zo
v

Portugal

Spain

Legend
SHF

B 21-30
. 31-40
- a1-50
51-60
61-70
| 71-80

12041-2060 2061-2080
AL AL

Safe Heat Forcing

¢Vv dOd

G'8dOd

G¢v dOd

G'8dOd





OPS/images/fpls-12-689121-g003.jpg
A

Oranges
Algarve

Apples
Palmela

Apples
Alcobaca
Pears
Oeste

Plums
Elvas

Apples
Portalegre

Apples
Cova da

Apples

Beira Alta |

OMean XMedian

30

50 70
CP

90

110

Apples
Beira Alta

Apples
Cova da Beira

Apples
Portalegre
Plums
Elvas

Apples
Alcobaca

Pears
Oeste

Apples
Palmela

Oranges
Algarve

OMean XMedian
Lo
R
=

Ot

Ot

—O0t—
~8-

7.0 9.0 110
GDH





OPS/images/cover.jpg
frontiers
In Plant Science

Assessment of Climate Change
Impacts Chilling and Forcing
for the Main Fresh Fruit Regions
in Portugal





OPS/images/fpls-12-689121-g004.jpg
100

80

100

Qo
()

(®))
o

N
o

Chilling Portions (CP)
3o

()]
o

3.3
o

20

100

80

2020

A oo Rb P4.5
trend = -0.17 CP/yr

_ RCP8.5

trend = -0.50 CP/yr

Plums—Elvas

o
o

RCP4.5

| trend =-0.17 CP/yr

s RCP8.5

trend = -0.52 CP/yr

Apples—Beira Alta

Qo
o

E oo RCP4.5

trend = -0.18 CP/yr

s RCP8.5

trend = -0.53 CP/yr

Ap_ples—PortaIegre

G o RCP4.5

trend = -0.15 CP/yr

s RCP8.5

trend = -0.39 CP/yr

Pears—Oeste

2040

2060

2080

100

80

100

40

20

100

80

60 f

B oo R'CP4.5 — RCP8.5

trend = -0.16 CP/yr trend = -0.43 CP/yr

Agples—Alcobpga

D mwowe RCP4.5 s RCP8.5

trend = -0.18 CP/yr trend = -0.53 CP/yr

Apples—Cova da Beira

F m»woooe RCP4.5 s RCP8.5

[ trend =-0.17 CPlyr trend = -0.44 CP/yr

Apples—PaImgla

0
100 - .
H oo RCP4.5 mssssm RCP8.5
80 trend =-0.17 CP/yr trend = -0.43 CP/yr
60
40
20
Oranges—Algarve
O 1 1
2020 2040 2060 2080





OPS/images/fpls-12-689121-g005.jpg
OO N N 00 oo © O
OO O OO0 o O O O

(ol o))
0o

©
()

Growing Degree Hours (GDH)
~N N
o

65
ira Alta
60 :
95 T T
E oo RCP4.5 msssm RCP8.5
90 - o
trend = 0.02 GDH/yr trend = 0.02 GDH/yr
85T
80
70 5 o
65
Apples—Portalegre
60 2 2
95

o O N N 0o o« O
o o0 o o o O O

2020

A —R'CP4.5 — RCP8.5

[ trend = 0.01 GDH/yr

-
- -
- -

Plums—Elvas

trend = 0.01 CP/yr

c 0o
g O O,

C movoo RCP4.5 mssm RCP8.5

trend = 0.06 GDH/yr

trend = 0.07 GDH/yr

G "o RCP4.5 mssm RCP8.5

trend = 0.01 GDH/yr trend = 0.05 GDH/yr

Pears—Oeste

2040 2060

2080

95
90
85
80

75
70 F
65

60
95

90
85T
80
75f
70
65

60
95

90 f

aESagS——

B —R'CP4.5 — RCP8.5

trend = 0.03 GDH/yr trend = 0.06 GDH/yr .

Apples—Alcobaca

D mowoow RCP4.5 msssm RCP8.5

trend = 0.04 GDH/yr

trend = 0.04

Apples—Cova da Beira

F oo RCP4.5 s RCP8.5

85 !
trend = 0.01 GDH/yr trend = 0.01 GDH/yr
80F |
2T
70F
65|
Apples—Palmela
60 : '
95 T :
H RCP4.5 P
85t .
30 trend = 0.01 GDH/yr trend = 0.01 GDH/yr |
i
70
65|
Oranges—Algarve
60 : :
2020 2040 2060 2080






OPS/images/fpls-12-689121-g006.jpg
msssm RCP8.5

g RCP4.5

s Baseline
| |

-

120

< (dD) suonuod Buipyo m (H@o) sinoH saibaqg Buimois

18

1 i 1

o = o - o o o= = o o o
o N r~

50

anleb|y
sabueliQ

3)saQ op eyooy

slead
ejawjed
sa|ddy

albajenod
s9|ddy

eliog ep eA0)

so|ddy

Blly ellag
sa|ddy
edeqooly
sa|ddy

SeA|]

swn|d








OPS/images/logo.jpg
' frontiers
in Plant Science





