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Abstract

:

Ullucus tuberosus is an Andean region crop adapted to high-altitude environments and dryland cultivation. It is an essential resource that guarantees food security due to its carbohydrate, protein, and low-fat content. However, current change patterns in precipitation and temperatures warn of complex scenarios where climate change will affect this crop. Therefore, predicting these effects through simulation is a valuable tool for evaluating this crop’s sustainability. This study aims to evaluate ulluco’s crop yield under dryland conditions at 3914 m.a.s.l. considering climate change scenarios from 2024 to 2100 by using the AquaCrop model. Simulations were carried out using current meteorological data, crop agronomic information, and simulations for SSP1-2.6, SSP3-7.0, and SSP5-8.5 of CMIP 6. The results indicate that minimum temperature increases and seasonal precipitation exacerbation will significantly influence yields. Increases in rainfall and environmental CO2 concentrations show an opportunity window for yield increment in the early stages. However, a negative trend is observed for 2050–2100, mainly due to crop temperature stress. These findings highlight the importance of developing more resistant ulluco varieties to heat stress conditions, adapting water management practices, continuing modeling climate change effects on crops, and investing in research on smallholder agriculture to reach Sustainable Development Goals 1, 2, and 13.
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1. Introduction


Tubers are important crops within Andean societies and their agro-food systems. They are characterized by their resilience to the region’s adverse conditions. Among these crops, ulluco is prominent in food security due to its fundamental role in the Andean population’s diet [1,2]. It is cultivated primarily in Peru, Bolivia, and Ecuador and is grown between 2000 and 4000 m.a.s.l. at temperatures between 11 and 13 °C [1,2,3]. Its nutritional contribution is based on its high carbohydrate content (64.96–84.2%), between 8.5 and 15.7% protein content, low-fat content (0.1–1.4%), fiber ranging 0.5–5%, and vitamin C [1,4,5]. Generally, tubers are boiled before eating. Nonetheless, they can also be dried to turn into chuño or milled into flour [6]. It is grown by more than 60 thousand producers in Peru, and during 2023, a cropping area of 42,912 ha with a 7.62 t∙ha−1 average yield was reported, generating a total production of 173,116 t [7]. On average, dryland ulluco cultivation represents 82% of Peru’s cropping area of ulluco, widely located in the Quechua and Sunni regions (94%). Monoculture patterns (86%) prevail over associations (14%) with crops such as corn, mashua, potatoes, quinoa, etc. [8]. Even though its productive potential is less than other Andean tubers or roots [9], it is widely consumed in this region [1,10,11].



In the current context, climate change driven by carbon emissions from agriculture, livestock, industry, and households affects global agriculture through extreme weather events [12,13]. To research future impacts, the Working Group I (WGI) of the Intergovernmental Panel on Climate Change (IPCC) analyzed historical information and Global Climate Models (GCMs), generated as part of the Coupled Model Intercomparison Project (CMIP) to broaden our comprehension about the process and effects linked to climate change [14]. The fifth phase of the CMIP (CMIP5) analyzed future climatic projections based on Representative Concentration Pathways (RCPs), which express the increase in the most probable radiative forcing for 2100 [14]. Subsequently, the sixth phase’s report provided different socioeconomic development pathways to achieve each RCP, thus proposing new levels of mitigation and adaptation actions to the effects of climate change [15]. These new scenarios are named Shared Socioeconomic Pathways (SSPs). SSP 1 and SSP 5 both propose increasing human development, differing in that the second proposes intensive fossil energy consumption as a means to achieve this; SSP 3 and SSP 4 propose pessimistic and inequitable development trends, while SSP 2 outlines continuity regarding historical patterns [14,15]. O’Neill et al. [15] identified priority analysis scenarios to update and cover information gaps of CMIP5 projections for RCPs—SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5.



With all this information, it is possible to use existing models to explore potential yield changes in different crops. There are some experiences regarding modeling tuber and root growth such as potatoes, cassava, and sweet potatoes under diverse climates and water-available conditions [16,17,18,19]. Nevertheless, there is little research on crops in Andean regions [20,21,22,23] or on native crops such as ulluco [24,25,26,27,28], despite its importance for Andean food security and value in gourmet cuisine and industry.



AquaCrop is a model that simulates crop yields under different conditions based on plant water consumption; for this, it requires information about climate, crop, soil, and management conditions without considering pests’ or diseases’ potential effects [29]. Constant efforts are made to improve AquaCrop’s simulation results while maintaining its simple modeling scope [30]. Due to its versatility, a wide range of research is linked to crop modeling through AquaCrop use for different climatic and management conditions, including climate change projections at different latitudes, longitudes, and altitudes [20,31,32]. At this point, the model’s main limitations include its single-field-scale scope, assumptions of spatial uniformity inside the field, and the unidimensional vertical water fluxes simulated [33]. In addition, Vanuytrecht et al. [30] also outline the constant improvement of AquaCrop results to make them more accessible and understandable for agricultural extensionists, decision-makers, and stakeholders.



Several studies suggest that smallholding farming productivity in the Peruvian Andes is at imminent risk of decreasing due to water availability changes and increased temperatures [34,35,36]. The susceptibility of dryland crops to rainfall variability is exacerbated by changes in rainfall patterns due to climate change [34,37] which ultimately determines poverty conditions in rural areas [38]. Additionally, rising temperatures reduce the productive potential of crops adapted to cold regions [39]. This study focused on precipitation and temperature changes and their effect on ulluco yield.



Agronomic factors that influence tuber development have been investigated [40,41,42,43], as well as their potential food industry use due to their nutritional benefits [10,44,45,46] and their importance in local culture [47,48]. Ulluco’s phenological development and productivity depend on climatic, edaphic, and genotypic factors, among others. Sowing dates are usually linked to rain presence in a crop rotation system with potatoes, oca, or barley [3,49].



Therefore, analyzing crop behavior facing extreme climate events is essential to develop adaptation strategies for different regional conditions [36]. This study evaluates the yield changes in Ullucus tuberosus, a key native Andean tuber, under dryland cultivation in the Peruvian central highlands, according to climate change scenarios from the Coupled Model Intercomparison Project (CMIP) Phase Six for the 2024–2100 period.




2. Materials and Methods


2.1. Studied Area


This study was conducted in the town of San José de Apata, district of Apata, Jauja province, department of Junín, Peru. The experimental field was installed at 75°19′30.41″ W; 11°47′53.73″ S at 3914 m.a.s.l. (Figure 1). The area’s climatic conditions are average annual precipitation, 689 mm; minimum temperatures between −4 °C (June–July) and 4 °C (March); maximum temperatures between 20 °C (March) and 22 °C (November–December); and average relative humidity, 72%. Averages were calculated based on historical data from Peru’s National Service of Meteorology and Hydrology (SENAMHI) [50].




2.2. Experimental Design


This study had a split-plot design in which the following two factors were tested: (i) sowing date (main plot with three levels) and (ii) the type of fertilization (sub-plot with two levels). Thus, six treatments with four replicates per treatment were used for 24 experimental units, as described in Table 1.




2.3. Experimental Plots Set-Up


Experimental plots were installed on a three-year fallow field where potatoes had previously been grown. Ullucus tuberosus cv. Canario was chosen due to its widespread cultivation in the central Peruvian Andes [51], sown at a density of 41,666 plants ha-1 (0.8 m × 0.3 m). A net plot consisting of 9 furrows, 6 m long, was established within each experimental unit. Data were collected from them. The spatial arrangement of the treatments can be found in Figure 2.




2.4. Soil Characteristics


Before installation, a soil study was conducted in the experimental area. First, a soil pit was dug to a depth of 1.3 m, and, after observation, three horizons were determined, comprising topsoil (AP) and two strata of partially decomposed parent material (C1 and C2). For each of them, samples were taken and sent to the Soil, Water and Leaves Laboratory (LABSAF)—INIA Santa Ana to analyze bulk density (BD) [52], texture (Txt) [53], soil pH [54], electrical conductivity (EC) [55], organic matter (OM) content, nitrogen (N), phosphorus (P), potassium (K), and exchangeable aluminum (Al) [53] (Table 2). In addition, other soil samples were taken at the central zone of each evaluation unit, at 30 cm depth, to measure soil moisture content using the gravimetric method [56].




2.5. Crop Fertilization


Fertilization was planned according to the second factor, proposed management (Table 1), considering the physical–chemical soil characterization results from the topsoil (Table 2). Details of the fertilization plan are shown in Table 3.




2.6. Weather Data


Weather data were obtained from a Davis Vantage Pro2 station managed by AGRORURAL located at 75°19′28.32″ W; 11°47′45.59″ S at 3950 m.a.s.l. Records included the whole growing season (2022–2023) (Figure 3).




2.7. Data Collection of Morpho-Physiological Variables for Model Calibration


To calibrate the AquaCrop model, 9 evaluations were carried out during the whole growing season, starting from the phenological stage of emergence. In each one, five variables were assessed. In the phenological stage, direct observations of plants within furrow number 5 (the central 5 m of it) were performed. Plant canopy cover percentage was evaluated using RGB photographs taken with a NikonD3500 camera and processed with Image Canopy 3.6 and AutoCAD 2022 software. A total of 12 plants were assessed from each net plot (three plants from furrow numbers 2, 3, 7, and 8 each). The photographs were taken approximately 1 m above ground level. A square metal piece measuring 10 cm on a side was used as a measuring reference. Then, these plants were extracted from the ground to measure their height and root depth. Finally, plant leaves were separated and prepared for dry matter analysis [16].



At the end of the season, samples were taken from the central 9 m2 (3 m × 3 m) of the net plot to estimate the following crop-yield-associated variables: crop fresh weight, tuber dry matter, aerial and total dry matter, tuber dry matter (10 representative tubers per unit of assessment), and aerial and total dry matter (the sampled plants for yield) [16].




2.8. Statistical Analysis


Morpho-physiological variables were analyzed using a two-way ANOVA (alpha = 0.05) to examine treatment differences. Model assumptions were verified graphically with the autoplot function from the ggfortify library for R [57]. Variables that showed significant differences were analyzed with the Least Significant Difference Test (alpha = 0.05), LSD.test function from agricolae library for R [58], corrected with the Benjamini–Hochberg procedure.




2.9. AquaCrop’s Crop Development Modeling


AquaCrop’s climate input came from the weather station. It included rainfall data, maximum and minimum temperatures, wind speed, and relative humidity on a daily scale, which enabled the calculation of reference evapotranspiration (ETo) through the Penman–Monteith equation using the EToCalculator 3.2. The cropping module was completed with the image processing results from the canopy coverage analysis. Soil input values were determined with the information from the physical-chemical analysis of the soil pit. A management module was configured for dry conditions, weed management, fertilization, and furrowing characteristics. The iterative calibration process was based on the recommendations of [29], using calibrated parameters for potato cultivation from AquaCrop, the literature, and experts’ opinions. The first simulation was performed with field-collected data (soil and weather). Missing parameters (conservative and non-conservative) were completed with available values in the literature, including those from potato crop research, which is extensive. Canopy cover data were adjusted for each phenological stage, considering the potential effects of heat and water stress. The impact of traditional fertilization (Table 1) was also considered. Calibration was performed considering the data from sowing dates 1 and 2 (Table 1). Model efficiency was evaluated through Pearson’s correlation index (r) and the Nash–Sutcliffe efficiency index (NSE) for plant canopy coverage and crop yield data. The model was then validated with the data from sowing date 3 (Table 1), without changing the conservative parameters but adapting the sowing date. The model’s efficiency was assessed using both previously mentioned indexes.




2.10. Climate Change Explorations


Since the weather station used for AquaCrop climate input does not have data before 2019, we used data from the SENAMHI network of weather stations [50]. The criteria for choosing proper data involved proximity to the experimental location and accessibility to historical data for rainfall (rf), maximum temperature (maxtemp), and minimum temperature (mintemp). Records from 1986 to 2017 were found. Downloaded data from four weather stations (Jauja: 75°29′12.73″ W–11°47′11.87″ S; Ingenio: 75°17′47.9″ W–11°52′30.8″ S; Ricran: 75°31′38.29″ W–11°32′24.05″ S; Santa Ana: 75°13′17.7″ W–12°0′34.4″ S) were homogenized, and missing registers were filled by the Paulhus and Kohler [59] method included in the Climatol package in R [60]. Subsequently, homogenized weather data for the experiment’s geographical location were calculated using the weighted inverse distance interpolation method (WID) in Excel. Regarding climate change models, a total of 7 General Circulation Models (GCMs) belonging to the Coupled Model Intercomparison Project Phase 6 (CMIP6) were chosen (Table 4). The selection criteria involved prioritizing those evaluated for Peru and South America’s conditions, in terms of their statistical downscaling adjustment [61,62]. GCM data corresponded to the historical period (1980–2014). To avoid the innate bias problems of the GCMs (over-estimation of minimum temperatures and rainfall, as well as under-estimation of maximum temperatures) [62], after climate data extraction for plot location (using the terra package in R) [63], bias correction by quantile mapping was performed using the Qmap package in R [64]. Given our historical data, the model efficiency of all seven GCMs was evaluated to select the best-fitting model, based on Fernandez-Palomino et al. [62]. As a result of this analysis, the EC-Earth3 model was chosen to perform future projections, based on the Shared Socio-Economic Pathways’ (SSPs) scenarios SSP1-2.6, SSP3-7.0 and SSP5-8.5, using the chosen model. The SSP1-2.6 scenario corresponds to a sustainable route, in which zero CO2 emissions for the second half of this century are achieved. The SSP3-7.0 scenario considers doubled CO2 emissions by 2100 due to regional rivalries and the absence of additional mitigation measures. The SSP5-8.5 scenario considers doubled CO2 emissions by 2050 and the heavy use of fossil fuels to achieve human development. No further political measures are taken [14]. ETo was calculated using the Hargreaves method in the EToCalculator based on maximum and minimum projected temperature data for the selected model’s future scenarios. To simulate ulluco yield for 2024–2100, rainfall, temperature, and ETo results were used as inputs for the climate module of the previously validated AquaCrop model, and atmospheric CO2 concentration corresponded to the software database.





3. Results


3.1. Tuber Yields by Sowing Date and Type of Fertilization


In addition to modeling, whether the tested variables influenced ulluco’s yield was determined, as shown in Table 5.



At the main effects level, the sowing date (F) had no significant effect on fresh and dry weight yield, nor the number of tubers per kilogram. On the other hand, the fertilization method significantly affected the three evaluated variables for ulluco. The recommended dose values doubled under conventional management conditions in fresh weight (FW) and dry weight (DW) cases. It was found that yield decreases the later the sowing date takes place. However, mineral fertilization efficiency also decreases because less water is available as the sowing date is delayed (Table 5). Its efficiency is similar to traditional manure fertilization (Figure 4). The cumulative rainfall for the F1 growing season was 677 mm, 657 mm for F2, and 635 mm for F3.




3.2. Ullucus Tuberosus Cultivation Development Model under Dryland Conditions


The 2022–2023 season was characterized by wetter rainy season, maximum temperatures below the historical average, and minimum temperatures similar to the historical average, even reaching below 0 °C in the last months of the crop’s phenological development (Figure 5). The F1M2 and F2M2 field data allowed for the model’s calibration of conservative parameters in AquaCrop. Efficiency values for this phase of r: 0.99, NSE: 0.98, and r: 0.91—NSE: 0.82 were obtained for F1 and F2 plant coverage, respectively. Generated canopy cover curves from the parameterization are shown in Figure 6 and Figure 7, showing the model’s slight difficulty in reaching the maximum plant coverage of F2 (simulated canopy cover [CCsim] vs. observed canopy cover [CCobs]). In the next step, based on the obtained parameters, the model was validated with F3M2 data, obtaining efficiency indicators of r: 0.94 and NSE: 0.88 (Figure 8). The AquaCrop model calibrated parameters are shown in Table 6.



The modelled/measured fresh weight yield was F1: 13.8 t·ha−1/15.28 t·ha−1, F2: 14.9 t·ha−1/17.36 t·ha−1, and F3: 9.19 t·ha−1/10.23 t·ha−1, while the modelled/measured dry weight yield was F1: 2.07 t·ha−1/1.86 t·ha−1, F2: 2.23 t·ha−1/2.02 t·ha−1, and F3: 1.38 t·ha−1/1.49 t·ha−1.




3.3. Climate Change Scenarios


Bias correction was performed for the three variables of interest in the historical period per station, and extreme values were represented (Figure 9). The EC-Earth 3 model was selected from which projected data bias for the 2015–2100 period was extracted and corrected for the SSP1-2.6 [73], SSP3-7.0 [74], and SSP5-8.5 [75] scenarios (Figure 10).



Regarding the three analyzed scenarios (SSP1-2.6, SSP3-7.0, and SSP5-8.5) it is possible to observe that the EC-Earth 3 model projects an increasing trend in cumulative annual precipitation. In the last projected third (2075–2100), mean monthly value differences between the dry and wet seasons are accentuated (Figure 11a). On the other hand, increases in minimum and maximum temperature are observable for the three analyzed scenarios with an emphasis on the dry season (June–October) and for the minimum temperature.




3.4. Yield Projections under Climate Change Conditions


The assessment results show that climate change significantly impacts ulluco yields under dryland conditions. Projections suggest a rainfall increase, accentuating differences between dry and rainy seasons, and temperature increase, mainly in the minimum temperatures. Regarding F1 and F2 conditions, a decrease in variability is observed in yield towards the last projected third in SSP1-2.6, while yield variability persists in SSP3-7.0. By contrast, a decreasing tendency toward projected yield is observed from the middle of the analysis period in SSP5-8.5. Regarding F3, it is observed that for the SSP1-2.6 scenarios, there is higher yield variability compared to SSP3-7.0 and SSP5-8.5. However, for the second half of the analysis period, this changes. In SSP1-2.6 and SSP3-7.0, a trend towards more constant yields is noted, while in SSP5-8.5, a decreasing trend is observed from the middle of the 2024–2100 period.



In all evaluated scenarios, there is a prevalence of F3 achieving higher yields compared to F1 and F2, as well as a lower failed campaign percentage (F1: 18%; F2: 13%; F3: 6%). However, an initial trend of slightly increasing yields is identified followed by a negative trend from the projection period’s latter half.





4. Discussion


This study aimed to assess three climate change scenarios and their impact on the productivity of ulluco crops. To achieve this, historical weather data on rainfall and temperature were used to simulate changes from 2024 to 2100. Results from these simulations and data collected from the experimental plots were used as inputs for the required modules of the AquaCrop model. It is important to mention that the chosen area very well represents the conditions of a typical ulluco-producing area in a rainy, cold climate with dry autumns and winters [76]. Therefore, the results of this study are relevant for growing areas at the same altitude and similar soil conditions in the Andean region.



The results of the climate change simulations indicate an increasing trend in accumulated rainfall for the period 2024–2100 for three scenarios (Figure 10). Our findings contrast with those of Wongchuig et al. [77], who forecasted a reduction in annual precipitation for the same period in the Suni and Quechua regions of the Mantaro River basin. Arana et al. [78] found that historical data from the Jauja, Ingenio, and Ricrán weather stations also showed an ascending pattern. Seeing such discrepancies in the forecasts is expected because the complexity of the Andean topography largely influences bias correction processes [62] as a result of constantly changing thermal and moisture fluxes [79]. An important finding in our results was that in the last 25 years of this century, the distribution of rain throughout the year will remain similar in the sense that June, July, and August will remain predominantly dry, and the increase in cumulative precipitation will be allocated during the wet season. In other words, the rainy season will be rainier, especially in December, January, February, and March (Figure 11). This finding is in line with that of Almazroui et al. [61] who indicate stronger seasonality for this century’s last period. The simulations suggest a sharp increase in minimum temperatures (Figure 11), especially for the SSP585 and SSP370 scenarios, which are the most concerning regarding climate change mitigation. Maximum temperatures seem to remain similar. All this is in accordance with the historical trends analyzed by Arana-Ruedas et al. [78] and Sanabria et al. [38], who explained that temperature increases in the studied area will be more pronounced for the minimum rather than maximum values but without concluding that frost damages in crops will necessarily be more harmful due to the complexity of this process.



The results of the AquaCrop simulations indicate that the latest sowing date, F3 (Table 3), will have a better fresh weight yield (Figure 12) in all three scenarios, and, on average, would have a greater increase in fresh weight yield concerning the 2022–2023 season’s base yield (Figure 13). Given that the maximum temperatures will most likely remain constant, the underlying explanation can be found in minimum temperature and precipitation changes, specifically from 2075 to 2100 (Figure 10). The optimum temperature for ulluco has been studied as ranging between 11 and 13 °C [1]. In this sense, warmer minimum temperatures will affect the daily temperature average, impacting the duration of phenological transitions [80]. This indicates that the cropping period can be shortened, which could detrimentally affect yields. On the other hand, this species needs a low-temperature stimulus to start forming tubers [41]. If late sowing occurs in mid-November, tuberization induction is expected to happen by the end of February, when minimum temperatures reach 2°C under current conditions (Figure 11). All three scenarios forecast that minimum temperatures will be between 5 and 10 °C, which could affect tuber formation. In addition, maximum temperatures are expected to become 2 degrees higher during the tuber filling stage (March and April) (Figure 11), adding extra physiological problems, as it could even exceed the optimum range of 11–13 °C. Wahid et al. [81] define heat stress as plant growth and development limitations, caused by an air temperature increase above the optimal crop temperature, for a sufficient period to cause damage. Sage et al. [82] mention that between 5 and 6 °C increases in the plant’s optimal temperature generate dry matter accumulation inhibition in reserve organs and greater infection susceptibility to pathogens. Likewise, high temperatures in heat-sensitive plants cause stomatal conductance decrease, CO2 fixation inhibition, and oxidative damage in photosystem II [83,84]. It is important to consider how temperature increase involves an increase in incidences of pests and diseases [72]. Unfortunately, AquaCrop does not incorporate these effects in its calculations [29], so we should be critical regarding this factor.



On the other hand, the fact that wet seasons are expected to become rainier (Figure 11) might positively affect the early stages of plant development. This can be associated with the results of the experimental plot (Figure 6, Figure 7 and Figure 8), in which plant emergence at early sowing treatments (Figure 6) took place 53 days after sowing, in comparison with normal sowing (Figure 7) and late sowing (Figure 8), which took place at 90 and 75 days, respectively. By relating this phenological transition with rainfall registered at the weather station (Figure 3), we can see that an intense precipitation event before early sowing (13 October 2022) was the single different weather variable compared to the other two sowing dates. On the other hand, during October and November, when sowing of the two latest treatments took place, only 34–44 mm of accumulated rainfall and around 8.6 °C average temperatures were recorded, which may have influenced the emergence delay of the last two sowing date treatments [49]. This suggests that more significant water availability may be beneficial for accelerating canopy emergence, which is a crucial factor in guaranteeing crop success. Despite this positive effect of water availability at the early stages of the crop, it is important to mention that an even distribution of precipitation is crucial, particularly after tuber induction, which usually takes place 90 days after sowing. Unfortunately, during April and May 2023, when tubers fill in, precipitation decreased drastically compared to February and March (Figure 3). This might be why the late sowing treatment at optimum fertilization rates performed worse than the other two treatments. This indicates the importance of having good soil moisture content during the filling stage. Fertilization proved to play a differentiating role when water was available (Figure 4). On its own, proper fertilization doubled yields compared to the traditional way, which far exceeds that reported by Nieto-Cabrera et al. [85] who indicated an 18.5% increase due to fertilization effects. However, if there is a water shortage during the filling stage, fertilization becomes an irrelevant factor, as the yields will be similar to plots that are not fertilized (Figure 4). The experimental plots yielded results comparable to those described by Sánchez-Portillo et al. [1], in which 2–10 t∙ha−1 were obtained under Ecuadorian conditions. In addition to this, fresh and dry weight relations coincided with the high-water content expected for this tuber (72–87%) [2,9]. However, our fresh yield results were far from the optimal of 26 t ha−1, as reported by Condori et al. [9] for irrigated ulluco crops, under Bolivian highland conditions. This yield gap between irrigated ulluco crops and dryland ones indicates how susceptible this crop is to the lack of a proper water supply. Although the models predict an increasing trend of accumulated precipitation over the years (Figure 10), it is not certain that such volumes will be evenly distributed during the growing season, or most importantly, that they will take place during periods of higher water demand for the crop (emergence and tuber filling).



All in all, this exploratory study alerts stakeholders and decision-makers to the necessity of strategically planning how to address the previously mentioned problems (i.e., temperature increases and excess water in the soil during future rainy seasons). Water management practices such as rain harvesting can be considered a way of storing excessive rainwater, and complimentary irrigation systems can prevent water shortage during critical phenological stages. On the other hand, excessive soil moisture could damage the crop; therefore, drainage systems can be included in plots that become easily flooded. Furthermore, this is an opportunity to suggest future plant breeding programs that allow for tuberization at higher temperatures and achieve heat stress-resistant cultivars.



The findings of this study highlight the susceptibility of ulluco, a native tuber, to climate change. Extrapolation of this potential effect to other minor native tubers due to their characteristic long growth cycles [86] can predict a shift in cultivated crops in highlands. It could increase the production costs, the loss of traditional field management, and the disruption of native crop roles in agroecosystems [86]. Losing traditions of native crop management such as crop rotation could cause soil health degradation, jeopardize agrobiodiversity conservation, and emphasize poverty patterns due to the settled subsistence of the agriculture–poverty relation [87]. Therefore, building the resilience of the local food system and investing in research on smallholder agriculture will be critical for reaching Sustainable Development Goal (SDG) 2 (Zero hunger) and SDG 1 (No poverty) [87]. In addition, the good performance of AquaCrop to model tubers allows us to perform climate change impact predictions to improve national climate change adaptation policies toward SDG 13 (Take urgent action to combat climate change and its impacts).



In addition, some policy suggestions are presented comparing this study and the strategic actions proposed in Peru’s National Adaptation Plan Against Climate Change [88]. Modeling studies should be increased to broaden the prediction of possible climate change effects on critical food security crops and regional agrobiodiversity conservation. This measure can enhance the performance of early warning services and the scope of agroclimatic risk forecasts. However, in Peru, the results of the forecasting service developed by SENAMHI have restricted scope due to the limited Internet connection in the highlands [89] and the short list of commercial crops analyzed [90]. Furthermore, the water resources management policies for highlands should focus on Natural Infrastructure and Water Sowing and Harvesting (WSH) due to their more straightforward and lower-cost implementation process and easier adaptation to local traditional practices. Therefore, the more democratic the construction of knowledge is, the easier it will be for farmers to adopt proposed policies and technologies.




5. Conclusions


The AquaCrop model adequately represents ulluco cultivation development under dryland conditions for Peru’s central highlands, allowing for yield projection analysis and crop management for changing environmental conditions. In this context, GCM analysis corresponding to CMIP 6 outlined how the more substantial mitigation and adaptation measures scenario (SSP1-2.6) projects an increase of up to 50% in precipitation for the rainy season in the period 2075–2100 and an average increase of 2 °C for minimum temperature. The maximum temperature in the rainy season (January–March) will increase regardless of mitigation and adaptation measures. By contrast, extreme values in the dry season (June–August) will be directly related to adopted measures on climate change—more intense for SSP5-8.5 and SSP3-7.0. Thus, for the intensive fossil fuel scenario (SSP5-8.5), maximum temperatures will reach 24–25 °C peaks, and minimum temperatures will increase sharply by 2050 with increases of up to 6 °C and exceeding 0 °C. These changes in maximum and minimum temperatures will impact ulluco’s yield. In addition, for pessimistic scenarios (SSP5-8.5 and SSP3-7.0), rainfall in the rainy season can double the historical monthly precipitation volume, which means more intense events with greater erosive potential.



Increases in rainfall and environmental CO2 concentrations show an opportunity window for yield increment in the early stage of the 2024–2100 period. However, in very high greenhouse gas concentration scenarios, a negative trend is observed for 2050–2100 mainly due to crop temperature stress, increased soil evaporation, and crop transpiration. A trend toward yield stability is achieved throughout the projected period for more optimistic scenarios. In summary, evaluating dryland ulluco cultivation yield under climate change scenarios using the AquaCrop model highlights the urgency of mitigating potential negative impacts on this agricultural system. This study remarks on the importance of carrying out adaptive sustainable practices concerning climate change such as rain harvesting for storing the excessive amount of rainwater and complimentary irrigation systems to prevent water shortage during critical phenological stages; the continuity of modeling future climate change effects to improve the information for agroclimatic risk forecast; the recommendation to plan plant breeding programs looking for tuberization at higher temperatures and heat stress-resistant cultivars; or investing in research on smallholder agriculture to reach SDG 1 and SDG 2.
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Figure 1. Studied area; (a) Junín department location within Peru; (b) Jauja province location; (c) location of the evaluation plot and meteorological stations used; (d) aerial satellite view of the evaluation plot. 
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Figure 2. Field distribution of the experimental units. 
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Figure 3. Apata station data for 2022–2023 on a daily scale. Rainfall (rf), maximum temperature (maxtemp), and minimum temperature (mintemp). 
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Figure 4. Bar graph showing rainfall (mm); and line graph showing marginal means of fresh weight yield of ulluco by sowing date (F1: 13 October 2022, F2: 28 October 2022, F3: 12 November 2022) response, and fertilization management (M1: traditional, M2: recommended). 
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Figure 5. Apata station data (2022–2023) and historical averages on a monthly scale. Rainfall (rf), maximum temperature (maxtemp), and minimum temperature (mintemp). 
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Figure 6. F1M2 calibration. DAS: days after sowing. CC: canopy cover. CCsim: simulated canopy cover. CCobs: observed canopy cover. 
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Figure 7. F2M2 calibration. DAS: days after sowing. CC: canopy cover. CCsim: simulated canopy cover. CCobs: observed canopy cover. 
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Figure 8. F3M2 validation. DAS: days after sowing. CC: canopy cover. CCsim: simulated canopy cover. CCobs: observed canopy cover. 
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Figure 9. Taylor diagrams for extreme values of GCM historical corrected data; (a) rainfall above the 95th percentile of analyzed values; (b) under 5th minimum temperature percentile of analyzed values; and (c) above 95th maximum temperature percentile, evaluating monthly aggregates. 
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Figure 10. Climate variables projection for SSP126, SSP370, and SSP585 from corrected data of EC-Earth3; (a) rainfall; (b) minimum temperature; (c) maximum temperature. Annual scale grouping for the three variables. 
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Figure 11. Monthly average values for the 2075–2100 period for SSP126, SSP370, and SSP585 from the EC-Earth3 model, in contrast to the observed historical average; (a) rainfall; (b) minimum temperature; (c) maximum temperature. 
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Figure 12. Ulluco’s fresh weight yields (t·ha−1) projected for (a) SSP1-2.6; (b) SSP3-7.0; and (c) SSP5-8.5 considering the three sowing dates (F1: 13-oct, F2: 28-oct, F3: 12-nov). 
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Figure 13. Ulluco’s fresh weight yield (t∙ha−1) variations projected concerning the 2022–2023 season’s base yield for (a) SSP1-2.6; (b) SSP3-7.0; and (c) SSP5-8.5 considering the three sowing dates (F1: 13-oct, F2: 28-oct, F3: 12-nov). 
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Table 1. Factors and levels tested.
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Factor

	
Levels






	
Sowing date (F)

	
F1: 13 October 2022




	
F2: 28 October 2022




	
F3: 12 November 2022




	
Fertilization management (M)

	
M1: Traditional (sub-dose) *




	
M2: Recommended (optimal dose) *








* Details of each fertilization management are described in Table of Section 2.5.













 





Table 2. Soil profile characterization.






Table 2. Soil profile characterization.





	
Cod

	
Depth

	
pH

	
EC

	
OM

	
P

	
K

	
Al

	
N

	
Txt

	
BD




	

	
m

	

	
d∙Sm−1

	
%

	
mg·kg−1

	
mg·kg−1

	
meq·(100 gr)−1

	
%

	

	
g·(cm3)−1






	
AP

	
0.4

	
5.00

	
0.11

	
9.30

	
24.37

	
358.05

	
18.21

	
0.47

	
Loam

	
1.10




	
C1

	
0.65

	
4.92

	
0.07

	
1.15

	
2.24

	
54.61

	
19.50

	
0.06

	
Loam

	
1.38




	
C2

	
1.3

	
4.78

	
0.07

	
0.76

	
4.19

	
36.31

	
7.29

	
0.04

	
Sandy loam

	
1.80








Cod: horizon code, EC: electrical conductivity, OM: organic matter, P: phosphorus, K: potassium, Al: exchangeable aluminum, N: total nitrogen, Txt: texture, BD: bulk density.













 





Table 3. Fertilization plan.






Table 3. Fertilization plan.





	
Management

	
Sheep Manure

	
Urea

	
DAF

	
ClK

	
Sulpomag

	
Agr Lime

	
Ammonium Nitrate




	

	
t·ha−1

	
kg·ha−1

	
kg·ha−1

	
kg·ha−1

	
kg·ha−1

	
kg·ha−1

	
kg·ha−1






	
M1: Traditional

	
5.00

	
0

	
0

	
0

	
0

	
0

	
0




	
M2: Recommended

	
5.00

	
91.36

	
222.67

	
138.10

	
55.55

	
807.14

	
91.36








DAF: Diammonium phosphate; ClK: potassium chloride; Sulpomag: potassium and magnesium sulfate; Agr: Agricultural.













 





Table 4. Used CMIP6 models.
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	Model
	Member
	Historical

(rf, Mintemp, Maxtemp)





	IPSL-CM6A-LR
	r14i1p1f1
	[65]



	CNRM-CM6-1
	r1i1p1f2
	[66]



	CNRM-ESM2-1
	r1i1p1f2
	[67]



	MIROC6
	r50i1p1f1
	[68]



	MRI-ESM2-0
	r5i1p1f1
	[69]



	MPI-ESM1-2-HR
	r2i1p1f1
	[70]



	EC-Earth3
	r150i1p1f1
	[71]










 





Table 5. Ulluco tuber’s yield by sowing dates and type of fertilization.
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Treatment

	
Fresh Weight Yield (Mg·ha−1)

	
Dry Weight Yield (Mg·ha−1)

	
Number of Tubers per kg






	
F

	
ns

	
ns

	
ns




	
M

	
***

	
**

	
***




	
F × M

	
*

	
ns

	
ns




	
Sowing Date (F)




	
F1

	
10.50 ± 5.0

	
1.28 ± 0.6

	
117.7 ± 24




	
F2

	
9.53 ± 6.8

	
1.10 ± 0.8

	
102.6 ± 27




	
F3

	
8.41 ± 1.6

	
1.16 ± 0.3

	
108.2 ± 17




	
Fertilization Method (M)




	
Traditional (M1)

	
6.4 ± 2.3 b

	
0.77 ± 0.3 b

	
123.0 ± 22 a




	
Recommended (M2)

	
12.56 ± 4.7 a

	
1.59 ± 0.5 a

	
96.0 ± 15 b




	
F × M




	
F1

	
M1

	
6.8 ± 2.8 c

	
0.79 ± 0.3

	
135.38 ± 20.9




	
M2

	
14.2 ± 3.7 a

	
1.77 ± 0.5

	
100.06 ± 5.7




	
F2

	
M1

	
5.0 ± 2.7 c

	
0.57 ± 0.3

	
111.96 ± 30.1




	
M2

	
14.1 ± 6.8 ab

	
1.64 ± 0.8

	
93.14 ± 24.2




	
F3

	
M1

	
7.4 ± 0.5 bc

	
0.96 ± 0.1

	
121.7 ± 7




	
M2

	
9.4 ± 1.9 abc

	
1.36 ± 0.3

	
94.7 ± 12








*** Implies statistical significance at 0.1%; ** implies statistical significance at 1%; * implies statistical significance at 5%; ns: indicates not significant (p > 0.05); different letters in each testing parameter represent statistical significance among groups at p < 0.05 for Tukey Test.













 





Table 6. AquaCrop model parameter calibration for ulluco dryland crop.
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	Parameter
	Initials
	Value
	Unit
	Method of Determination
	Base Literature





	Development
	
	
	
	
	



	Plant density
	
	41,667
	plant ha−1
	M
	[1]



	Canopy development
	
	
	
	
	



	Canopy growth coefficient
	CGC
	0.677
	% GDD−1
	C
	[9]



	Canopy decline coefficient
	CDC
	1.337
	% GDD−1
	C
	[9]



	Root deepening
	
	
	
	
	



	Max effective rooting depth
	
	0.25
	m
	M
	



	Average root zone expansion
	
	0.1
	cm day−1
	D
	



	Minimum effective rooting depth
	
	0.2
	m
	E
	



	Shape factor of root deepening
	
	1.5
	
	D
	



	Evapotranspiration
	
	
	
	
	



	Soil evaporation
	
	
	
	
	



	Effect of canopy shelter in late season
	
	60
	%
	D
	



	Crop transpiration
	Kc tr,x
	1.15
	
	D
	



	Aging
	
	0.15
	% day−1
	D
	



	Water extraction pattern
	
	40–30–20–10
	%
	D
	



	Production
	
	
	
	
	



	Normalized Water Productivity
	(WP*)
	13
	g m−2
	L
	[16]



	Adjustment for yield formation
	
	77
	% of (WP*)
	L
	[16]



	Performance under elevated CO2
	
	
	
	
	



	Sink strength
	
	50
	%
	D
	



	Reference Harvest Index
	HIo
	60
	%
	C
	[9]



	Composition of fresh yield
	
	
	
	
	



	%water
	
	85
	%
	C
	[2,9]



	% dry matter
	
	15
	%
	C
	[2,9]



	Water stress
	
	
	
	
	



	Canopy expansion
	
	
	
	
	



	p (upper)
	
	0.3
	
	E
	[1,72]



	p (lower)
	
	0.65
	
	E
	[1,72]



	shape factor
	
	3
	
	D
	



	Stomatal closure
	
	
	
	
	



	p (upper)
	
	0.6
	
	D
	



	shape factor
	
	3
	
	D
	



	Early canopy senescence
	
	
	
	
	



	p (upper)
	
	0.7
	
	D
	



	shape factor
	
	3
	
	D
	



	Temperature stress
	
	
	
	
	



	Base temperature
	
	2
	°C
	E
	[1,43]



	Upper temperature
	
	26
	°C
	E
	[1,43]



	Crop transpiration affected by cold stress
	
	
	
	
	



	Full stress
	
	0
	°C
	
	



	No stress
	
	7
	°C
	D
	[1,43]



	Fertility stress
	
	
	
	
	



	CCx reduction
	
	47
	%
	C
	



	CGC reduction
	
	16
	%
	C
	



	Average decline canopy cover
	
	0.2
	% day−1
	C
	



	WP* reduction
	
	25
	%
	C
	



	Salinity stress
	
	
	
	NA
	







C: calibration; D: AquaCrop default for potato; E: estimation; L: literature; M: measured; NA: not applicable. GDD: growing degree days; CCx: maximum canopy; Kc tr,x: coefficient for maximum crop transpiration, WP*: normalized water productivity. Note: gray hatched cells are conservative parameters.
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