


Agronomic Evaluation of Three Carrot Cultivars in Raised Beds in Tiraque, Cochabamba


Abstract: Growing carrots (Daucus carota L.) in raised beds can increase root yield, quality, and uniformity. This study evaluated the agronomic performance of three INIAF‑developed varieties - Altiplano, INIAF Larga Vida, and Montenegro 1 - at the Koari Alto and Koari Lagunillas sites in Tiraque, Cochabamba, Bolivia, during the 2022-23 growing season. A row‑and‑column experimental design with four replications was employed. Principal component analysis identified commercial yield, first‑grade roots, second‑grade roots, and discarded roots as the key variables differentiating variety performance. Under the study conditions, Altiplano exhibited delayed development (emergence and harvest) compared to the earlier‑maturing INIAF Larga Vida, which nonetheless showed a tendency to bolt. The raised‑bed system enhanced commercial yield and improved root quality across all varieties. Altiplano stood out with the highest commercial root yields (Koari Alto: 29.57 t ha-1; Koari Lagunillas: 39.66 t ha-1) and greater uniformity in first‑ and second‑grade classifications, outperforming Montenegro 1, INIAF Larga Vida, and the control. Although producers valued INIAF Larga Vida for its favorable morphological traits, its bolting tendency indicates a need for genetic improvement to optimize adaptation to conditions like those studied.
Keywords: Altiplano, agronomic behavior, Daucus carota, INIAF Larga Vida, Montenegro 1.
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During the 2023-24 growing season, Bolivia produced a total of 82,786 tons of carrots on 6,153 ha, achieving an average yield of 13.45 t ha-1. Cochabamba led national production, accounting for 56.75% (46,985 t) on 3,059 ha and attaining an average yield of 15.35 t ha-1 (NIS, 2025). To support this industry, the National Institute for Agricultural and Forestry Innovation (INIAF) has registered high-yield, high-quality carrot cultivars - such as Montenegro 1 and INIAF Larga Vida - adapted to Bolivia’s varied agroecological zones, including the valleys, mesothermal valleys, and Altiplano (INIAF, 2024).
Numerous studies have demonstrated that raised-bed cultivation enhances soil drainage (Sayre & Moreno, 1997; Takeshima et al., 2023), lowers soil moisture content (Jat et al., 2011), and promotes robust root establishment and development (Zhang et al., 2012; Blake & Dunn, 2021). By facilitating runoff and preventing waterlogging (Du et al., 2021), raised beds create favorable conditions for plant growth. Nonetheless, the specific effects of raised-bed systems on carrot performance in Cochabamba have not been evaluated to date.
Environmental factors and seasonal climate patterns critically influence crop performance (Canedo‑Rosso et al., 2021), dictating optimal sowing dates (García de Souza et al., 2012), the duration of developmental phases (Godwin et al., 2023), and market-supply windows (Abbott & Pistorale, 2011). Because genotype responses vary across environments (Alejos et al., 2006), annual evaluation under diverse conditions is necessary to capture this variability (Camargo et al., 2011). In the context of global climate change - which has increasingly impacted Bolivian agriculture over the past two decades - it is imperative to assess existing carrot varieties under innovative management practices.
The objective of this study was to evaluate the agronomic performance of the Altiplano, Montenegro 1, and INIAF Larga Vida carrot cultivars under a raised-bed planting system at two Cochabamba locations. By integrating raised beds with these genotypes, we aim to identify management strategies that optimize carrot productivity, promote sustainable agricultural practices, and mitigate the challenges posed by climate change and traditional cultivation methods.

Material and Methods

Description of the study areas
The study was conducted during the 2022-23 growing season in the agricultural unions of Koari Alto (17°28’18.07”S, 65°34’46.76”W), located at 3,659 m a.s.l., with an annual temperature range of 4-17 °C and mean annual rainfall of 900 mm, and Koari Lagunillas (17°27’28.38”S, 65°35’51.98”W), located at 3,862 ma.s.l., with an annual temperature range of 2-15 °C and mean annual rainfall of 1,000 mm, in the municipality of Tiraque, Cochabamba, Bolivia.

Experimental materials, treatments and experimental design
In both locations - each represented by an agricultural union - three carrot varieties (Altiplano, INIAF Larga Vida, and Montenegro 1) were evaluated under two cultivation systems: raised beds and the traditional local system, yielding six experimental treatments. The local variety grown under traditional practices served as the control. At both sites, a four‑replicate generalized row-column design was used. For the traditional system, each experimental unit was a 15 m2 plot (3 m × 5 m). For the raised‑bed system, each experimental unit comprised three beds, each 5m long. Raised beds were manually shaped with a trapezoidal cross‑section, measuring 0.40m at the crown, 0.75 m at the base, and 0.3 m in height.

Experimental procedure
The experimental plots were prepared following local farmer practice: soil was turned with a disc plow mounted on a 70‑hp Massey Ferguson tractor to a depth of 0,3 m, one month before sowing (July 1, 2022 in Koari Alto; August 3, 2022 in Koari Lagunillas). Two days before sowing, each plot was harrowed, and raised beds were manually shaped in the designated units. Sowing occurred on August 1, 2022 in Koari Alto and September1, 2022 in Koari Lagunillas. In the traditional system, seed was broadcast at 6 g per experimental unit and lightly raked into the soil. In the raised‑bed system, three furrows were opened per bed (0.05 m deep) with a sharp stake; 3.75 g of seed were placed per unit and the furrows manually closed. The first irrigation followed immediately after sowing. The agronomic characterization of the treatments are presented in Table 1.

Table 1. Agronomic characterization of the treatments: planting dates, location, varieties, planting systems, planting density, and variety cycle.
	Sown date
	Locality
	Variety
	Planting system
	Planting density
(kg ha-1)
	Cycle (days)

	08/08/2022
	Koari Alto
	Altiplano
	Raised bed
	4.00
	180

	
	
	
	Traditional
	8.00
	

	
	
	Montenegro 1
	Raised bed
	4.00
	150

	
	
	
	Traditional
	8.00
	

	
	
	INIAF Larga Vida
	Raised bed
	4.00
	120

	
	
	
	Traditional
	8.00
	

	
	
	Local
	Traditional
	8.00
	180

	01/09/2022
	Koari Lagunillas
	Altiplano
	Raised bed
	4.00
	180

	
	
	
	Traditional
	8.00
	

	
	
	Montenegro 1
	Raised bed
	4.00
	150

	
	
	
	Traditional
	8.00
	

	
	
	INIAF Larga Vida
	Raised bed
	4.00
	120

	
	
	
	Traditional
	8.00
	

	
	
	Local
	Traditional
	8.00
	180



Routine agronomic operations - including sprinkler irrigation - followed customary local practice. In Koari Alto, two applications of linuron (2.50 L ha-1) were made for weed control: the first when 80% of seedlings had two true leaves (September 29, 2022) and the second on October 29, 2022. In Koari Lagunillas, a single linuron application (2.50Lha⁻¹) was applied when 80% of seedlings had two true leaves (October 27, 2022). Manual harvest was timed according to traditional maturity criteria (about 2% of plants with floral scapes): February15-16, 2023 in Koari Alto and March 29-30, 2023 in Koari Lagunillas.

Response variables
The response variables were evaluated randomly according to the methodology described for each one (Table 2).

Table 2. Response variables analyzed and description of evaluation methods.
	Response variables
	Process description

	Days to emergency
	In each experimental unit, the number of days from sowing until 80% of the seedlings had emerged, with fully expanded cotyledons, was recorded.

	Incidence of pests and diseases
	The incidence of diseases and insect pests was evaluated at 30, 60, and 90 days after transplanting. Weed incidence was assessed by counting weeds within a 0.5 m2 area randomly selected from each experimental unit, both before the first herbicide application and again 30 days afterward. Weed pressure was then classified as low (0-5%), medium (5-10%), or high (> 10%).

	Days to harvest
	For each experimental unit, we recorded the number of days from planting until 80% of the roots reached commercial maturity. Harvest was initiated when 2% of the plants had produced flower scapes.

	Gross yield
	The entire experimental unit was harvested, and all roots were weighed to determine the gross yield (kg ha-1). The roots were then sorted into four categories - first grade, second grade, third grade, and discarded - and the yield for each category was calculated.

	Number of lenticels
	For each experimental unit, five roots were randomly selected; the lenticels on each root were counted, and the average number of lenticels per root was determined.

	Number of leaves per plant
	For the same five roots in each experimental unit, the number of leaves per root was counted, and the average was recorded.

	Root length
	The length of the same five roots from each experimental unit was measured from the crown (neck) to the distal tip using a Vernier caliper, and the average length was recorded in centimeters.

	Root weight
	The same five plants were defoliated, and their roots were individually weighed using a previously calibrated digital scale. The average root weight per experimental unit was then recorded in grams.

	Root shoulder diameter
	The shoulder diameter of the same five roots was measured using a Vernier caliper, and the average diameter per experimental unit was recorded in centimeters.

	Diameter of the cortex
	A cross-section was made at the midpoint of each of the same five roots to expose the cortex. The cortex diameter was measured using a Vernier caliper, and the average value was recorded in millimeters.

	Commercial performance
	Carrot yield was calculated as the sum of the first-, second-, and third-grade root yields, and was expressed in kg ha-1.



Statistical analysis
The study was conducted using a randomized complete block design in a rows and columns layout across two locations with four replications. Statistical analyses were carried out using R software (version 4.4.3), incorporating: (1) principal component analysis (PCA) to assess multivariate patterns related to yield, losses, vegetative growth, and root quality; and (2) univariate mixed-effects models for each response variable to estimate variance components and interaction effects. Mean comparisons were performed using Tukey’s test (p ≤ 0.05), complemented by the calculation of the coefficient of variation (CV) and the coefficient of determination (R²) to evaluate experimental precision and model goodness of fit.

Results and Discussion

Principal component analysis: performance and losses
Figure 1 presents the principal component analysis (PCA) biplot based on PC1 and PC2, which together explain 80% of the total variance among treatments for yield-related variables. The variables contributing most to PC1 (interpreted as productive efficiency) were root weight (8.93%), gross yield (17.31%), first harvest yield (18.63%), second harvest yield (17.67%), and commercial yield (18.56%). In contrast, variables contributing most to PC2 (associated with losses) were root length (16.01%), third harvest yield (25.21%), and discard rate (24.00%). The PCA revealed that varieties cultivated in raised beds clustered along the vectors associated with productive efficiency (PC1), whereas those grown under the traditional system clustered along the loss-related vectors (PC2). The Altiplano variety grown in raised beds exhibited the highest yields and the lowest losses in both environments. The high proportion of variance explained by the two principal components supports this distinction (PC1: 59.20%; PC2: 20.80%) (Bussi & Ciccioli, 2015).

Figure 1. Principal component analysis (PCA) using biplot: interaction between treatments and yield and loss variables.
[image: ]
CC = raised bed planting system; SC = traditional planting system; RPRI = first-grade yield; RCOM = commercial yield; RSEG = second-grade root yield; RBRU = gross root yield; RTER = third-grade root yield; DESCARTE = discarded roots; LR = root length; PR = root weight.

Principal component analysis: vegetative development and root quality
Figure 2 displays the principal component analysis (PCA) biplot based on PC1 and PC2, which together account for 73.10% of the total variance among treatments for vegetative development and root quality variables. Days to emergence (30.03%) and days to harvest (27.45%) were the primary contributors to PC1, representing vegetative development. In contrast, number of lenticels (35.80%) and shoulder diameter (31.06%) contributed most to PC2, representing root quality. The PCA revealed that varieties grown in raised beds clustered near the vectors associated with root quality (PC2), while the INIAF Larga Vida and Montenegro 1 varieties - regardless of cultivation system - were more strongly associated with the vegetative development vectors (PC1), indicating a consistent pattern of early development across environments. The high proportion of variance explained by the principal components supports this differentiation (PC1: 45.20%; PC2: 27.90%) (Bussi & Ciccioli, 2015).

Figure 2. Principal component analysis (PCA) using biplot: interaction between treatments and variables of vegetative development and root quality.
[image: ]
CC= raised bed planting system; SC= traditional planting system; DCX= cortex diameter; NLEN= number of lenticels; DEM= days to emergence; DCO= days to harvest; NH= number of leaves; DH= shoulder diameter.

Incidence of pests and diseases
The primary disease affecting carrot crops in the study region is root rot caused by Sclerotinia spp. However, this pathogen was not detected at the evaluated sites. Its absence may be attributed to environmental conditions unfavorable for fungal development (Alessandro et al., 2014), and more notably, to the high phytosanitary quality of the seeds used in this study, specifically the Valle de Oro - INIAF brand. In this context, Rodríguez et al. (2019) emphasize that the use of seeds with optimal phytosanitary status is essential, as seeds can serve as vectors for various pathogens and act as primary sources of infection in crops. Additionally, treatments established in raised beds provided more favorable conditions for plant health by improving drainage (Ali et al., 2016) and soil aeration, which likely contributed to reducing the risk of diseases associated with excessive soil moisture.
In Koari Alto, an average weed incidence of 8% was recorded, primarily consisting of Brassica campestris (wild turnip) and an unidentified Pennisetum species (grass), both of which were effectively controlled with two applications of Linuron at a rate of 2.5 L ha-1. In Koari Lagunillas, a lower weed incidence of 4% was observed, and effective control was achieved with a single application of the same herbicide (2.5 L ha-1). Notably, weed control was more effective in the raised bed treatments compared to the traditional cultivation system, indicating enhanced weed management efficiency under raised bed conditions. According to Dotor et al. (2018), carrot crops are highly sensitive to weed competition during the first 32 days after emergence, and maximum yields are achieved when the crop is kept weed-free throughout its phenological cycle. This finding is consistent with Reginaldo et al. (2021), who report that weed interference is one of the major factors significantly reducing carrot yields.

Days to emergency and days to harvest

The analysis of variance (ANOVA) revealed significant differences (p ≤ 0.05) in the interaction between location, variety, and cropping system for both days to emergence and days to harvest. Overall, the evaluated varieties exhibited shorter times to emergence and harvest in Koari Lagunillas compared to Koari Alto (Table 3). The INIAF Larga Vida variety grown in raised beds recorded the shortest time to emergence (Koari Alto: 48.00 ± 4.69 days; Koari Lagunillas: 35.33 ± 2.58 days) and to harvest (Koari Alto: 148.20 ± 1.15 days; Koari Lagunillas: 135.30 ± 1.56 days), indicating the earliest phenological development among all treatments. However, this variety also showed a tendency toward premature bolting. In contrast, the control treatment exhibited the latest emergence and harvest times at both locations.

Table 3. Average days to emergence and days to harvest by location for the treatments evaluated.
	Treatments
	Koari Alto
	Koari Lagunillas

	
	Days to emergency
	Days to harvest
	Days to emergency
	Days to harvest

	Plateau with raised bed
	51.25 ± 1.83c
	167.25 ± 1.82b
	45.25± 1.41b
	160.25 ± 0.82b

	High plateau without raised bed
	56.00 ± 1.41b
	169.25  ± 1.23a
	50.33 ± 2.16a
	162.25 ± 0.84b

	Montenegro 1 with raised bed
	50.25  ± 2.16d
	150.00  ± 1.42c
	39.00 ± 1.15d
	145.20 ± 1.63d

	Montenegro 1 without raised bed
	51.30 ± 2.06c
	152.40  ± 2.01c
	40.25 ± 1.41c
	148.33 ± 0.85c

	INIAF Laraga Vida with raised bed
	48.00 ± 4.69e
	148.20  ± 1.15d
	35.33 ± 2.58e
	135.30 ± 1.56f

	INIAF Laraga Vida without raised bed
	51.25 ± 3.54c
	150.25 ± 2.63b
	35.25 ± 1.83c
	138.25 ± 1.32e

	Control (torigin)
	58.25 ± 1.10a
	168.33  ± 0.96a
	50.33 ± 0.82a
	164.33 ± 1.61a

	R2
	0.70
	0.80
	0.79
	0.92

	CV (%)
	6.38
	5.80
	14.43
	7.41


R2 = coefficient of determination; CV: coefficient of variation. Means in the same column followed by the same letters do not show significant differences according to Tukey's test (p ≤ 0.05).

These results can be attributed to the raised bed cultivation system, which promoted earlier crop maturation by improving drainage, enhancing soil aeration, and increasing soil temperature retention (Ahmad & Mahmood, 2005; Robert et al., 2023). The differences observed in the phenological cycle between locations suggest a differential genotype response to specific environmental conditions (Cabrera, 2016). These findings underscore the importance of evaluating agronomic performance across multiple environments to identify genetic materials with greater adaptability and phenotypic stability (García de Souza et al., 2012; Carvalho et al., 2019).

Number of lenticels and root weight
The ANOVA results revealed significant differences (p ≤ 0.05) in the interaction between location, variety, and cropping system for both the number of lenticels and root weight. These findings indicate that the combined effects of these three factors had a substantial influence on these traits. According to local producers, roots with fewer lenticels tend to develop fewer secondary roots, making them easier to wash. Additionally, such roots are highly valued in consumer markets due to their superior appearance and quality.
The Altiplano variety grown in raised beds exhibited the lowest number of lenticels per root at both sites - Koari Alto (45.00 ± 3.56 lenticels) and Koari Lagunillas (41.75 ± 4.86 lenticels) - and was regarded as higher quality and easier to clean compared to the other treatments. In contrast, the control treatment recorded the highest number of lenticels per root at both locations - Koari Alto (78.00 ± 4.24) and Koari Lagunillas (83.53 ± 3.70) (Table 4).

Table 4. Averages for number of lenticels per root and root weight (g) per location.
	Treatments
	Koari Alto
	Koari Lagunillas

	
	Number of lenticels per root
	Root weight
	Number of lenticels per root
	Root weight

	High plateau with raised bed
	45.00 ± 3.56c
	96.38 ± 17.27a
	41.75 ± 4.86c
	91.33 ± 11.95a

	Var. Altiplano without raised bed
	66.00 ± 5.35c
	62.35 ± 10.05c
	49.50 ± 4.43bc
	45.98 ± 5.98d

	Var. Montenegro 1 with raised bed
	59.75 ± 2.16bc
	70.97 ± 17.59bc
	47.75 ± 8.66bc
	73.28 ± 9.18bc

	Var. Montenegro 1 without raised bed
	64.50 ± 10.79ab
	47.12 ± 5.11c
	47.50 ± 6.45bc 
	53.70 ± 6.26d

	Var. INIAF Laraga Vida with raised bed
	59.00 ± 11.34bc
	89.58 ± 2.77ab
	43.00 ± 1.41c
	80.67 ± 4.52ab

	Var. INIAF Laraga Vida without raised bed
	73.00 ± 2.95ab
	57.92 ± 7.98c
	55.75 ± 5.56ab
	60.30 ± 4.98cd

	Control (torigin)
	78.00 ± 4.24a
	53.75 ± 5.73d
	66.50 ± 3.11a
	83.53 ± 3.70ab

	R2
	0.74
	0.76
	0.74
	0.86

	CV (%)
	18.28
	29.13
	18.49
	24.46


R2 = coefficient of determination; CV: coefficient of variation. Means in the same column followed by the same letters do not show significant differences according to Tukey's test (p ≤ 0.05).

The lower number of lenticels observed may be attributed to the use of raised beds, which enhance soil drainage and aeration while maintaining optimal soil temperature (Robert et al., 2023; Nones, 2013). These conditions reduce the physiological need for roots to develop a higher number of lenticels.
The Altiplano (Koari Alto: 86.38 ± 17.27 g; Koari Lagunillas: 91.33 ± 11.95 g) and INIAF Larga Vida (Koari Alto: 89.58 ± 2.77 g; Koari Lagunillas: 80.67 ± 4.52 g) varieties grown in raised beds recorded the highest root weights at both locations compared to the other treatments (Table 4). These results can be attributed to the benefits of raised bed cultivation, which promotes more efficient irrigation water drainage, improved soil aeration, and greater thermal stability (Pooniya et al., 2015). Together, these conditions foster optimal root development, significantly enhancing both longitudinal root growth and total root biomass (Rowher, 2021; Naresh et al., 2012).

Number of leaves per plant, root length, shoulder diameter and cortex diameter
The ANOVA results showed no significant differences (p > 0.05) in the interaction between location, variety, and cultivation system for the number of leaves per plant, root length, shoulder diameter, and cortex diameter. These findings indicate that the interaction among these factors did not have a significant effect on the evaluated morphological traits.

Gross yield, top-quality root yield
The ANOVA results revealed significant differences (p ≤ 0.05) in the interaction between location, variety, and cultivation system for both gross yield and top-quality (first-growth) root yield. This indicates that the combined effect of these three factors significantly influenced these yield components. The control treatment recorded the highest gross root yields in both locations (Koari Alto: 43.83 ± 0.21 t ha-1; Koari Lagunillas: 48.09 ± 2.42 t ha-1). It was followed by the Altiplano variety cultivated without raised beds, which also performed well in both environments (Koari Alto: 32.09 ± 0.89 t ha-1; Koari Lagunillas: 41.04 ± 1.35 t ha-1), outperforming the other treatments (Table 5).

Table 5. Averages for gross yield (t ha-1) and yield of first-class roots (t ha-1) by location.
	Treatments
	Koari Alto
	Koari Lagunillas

	
	Gross yield
	Yield of first-class roots
	Gross yield
	Yield of first-class roots

	High plateau with raised bed
	30.01 ± 4.93b
	17.28 ± 2.94a
	39.97 ± 2.27b
	25.47 ± 2.04a

	Var. Altiplano without raised bed
	32.09 ± 0.89b
	6.58 ± 0.81cd
	41.04 ± 1.35b
	6.50 ± 1.11c

	Var. Montenegro 1 with raised bed
	20.21 ± 1.29cd
	11.05 ± 0.98b
	20.05 ± 0.62d
	11.14 ± 0.90b

	Var. Montenegro 1 without raised bed
	23.37 ± 1.25c
	5.62 ± 1.11cd
	24.75 ± 1.20c
	5.00 ± 0.58cd

	Var. INIAF Laraga Vida with raised bed
	17.85 ± 0.85d
	10.67 ± 1.16b
	17.59 ± 0.67d
	9.28 ± 0.74b

	Var. INIAF Laraga Vida without raised bed
	21.43 ± 1.58cd
	3.57 ± 0.32d
	20.26 ± 1.03d
	3.96 ± 0.61d

	Control (torigin)
	43.83 ± 0.21a
	6.78 ± 0.78c
	48.09 ± 2.42a
	5.87 ± 0.72cd

	R2
	0.95
	0.94
	0.98
	0.97

	CV (%)
	1.91
	4.63
	1.12
	4.19


R2 = coefficient of determination; CV: coefficient of variation. Means in the same column followed by the same letters do not show significant differences according to Tukey's test (p ≤ 0.05).

The highest seeding density (8 kg ha-1), used in both the control and non-raised bed treatments, was associated with higher gross root yields at both locations. In contrast, the raised bed treatments, which employed a lower seeding density (4 kg ha-1), recorded lower gross yields. This underscores the significant influence of planting density on yield outcomes (Pooniya et al., 2015), particularly in traditional cultivation systems. However, higher yields under these conditions do not necessarily reflect greater crop efficiency or improved root quality.
In terms of top-quality root yield, the Altiplano variety grown in raised beds recorded the highest average yield of first-grade roots at both sites (Koari Alto: 17.28 ± 2.94 t ha-1; Koari Lagunillas: 25.47 ± 2.04 t ha-1), outperforming all other treatments. Conversely, the control treatment produced the lowest average yield of first-grade roots at both locations (Koari Alto: 6.78 ± 0.78 t ha-1; Koari Lagunillas: 5.87 ± 0.72 t ha-1) (Table 5). This variation in first-grade root yield can be attributed to the superior performance of the Altiplano variety across environments (G × E interaction) and, more notably, to the raised bed cultivation system. Raised beds enhanced soil drainage, thereby reducing waterlogging and minimizing the incidence of root rot (Harrison et al., 1985). In addition, improved aeration favored uniform root development (Nath et al., 2019), while the physical structure of the raised beds likely contributed to maintaining more stable soil temperatures (Thind & Mahal, 2021), supporting continuous root growth and reducing heat-induced stress.
Moreover, a greater incidence of deformed and cracked roots was observed in treatments without raised beds, likely due to soil compaction, inadequate drainage, and fluctuations in moisture and temperature (Ventura, 2021) - factors that were effectively mitigated by raised bed cultivation. Overall, raised beds created optimal soil conditions that supported the expression of varietal potential, enabling a greater proportion of top-quality root production compared to traditional cultivation systems.

Second-class root yield and third-class root yield
The ANOVA results revealed significant differences (p ≤ 0.05) in the interaction between location, variety, and cropping system for both second- and third-season root yields. These findings indicate that the combined influence of these three factors had a significant effect on these yield components. The highest second-season root yields were recorded by the Altiplano variety grown in raised beds (Koari Alto: 11.13 ± 2.04 t ha-1; Koari Lagunillas: 13.59 ± 0.81 t ha-1) and by the control treatment (Koari Alto: 10.75 ± 0.78 t ha-1; Koari Lagunillas: 13.82 ± 0.73 t ha-1), both of which outperformed the other treatments at both locations (Table 6).

Table 6. Averages for second- and third-rate root yield (t ha-1) by location.
	Treatments
	Koari Alto
	Koari Lagunillas

	
	Second root yield
	Third-rate root yield
	Second root yield
	Third-rate root yield

	High plateau with raised bed
	11.13 ± 2.04a
	1.16 ± 0.35c
	13.59 ± 0.81a
	0.61 ± 0.31c

	Var. Altiplano without raised bed
	8.32 ± 0.76bc
	9.37 ± 0.40a
	13.36 ± 0.75a
	11.90 ± 1.12a

	Var. Montenegro 1 with raised bed
	6.30 ± 1.46cd
	1.46 ± 0.09c
	6.04 ± 0.52bc
	1.50 ± 0.26c

	Var. Montenegro 1 without raised bed
	5.63 ± 0.62d
	6.28 ± 0.91b
	7.06 ± 0.75b
	6.46 ± 0.79b

	Var. INIAF Laraga Vida with raised bed
	5.04 ± 0.85d
	1.59 ± 0.23c
	6.09 ± 0.74bc
	1.25 ± 0.17c

	Var. INIAF Laraga Vida without raised bed
	5.72 ± 0.59d
	5.74 ± 0.45b
	5.18 ± 0.41c
	50.05 ± 1.25b

	Control (torigin)
	10.75 ± 0.78ab
	10.38 ± 1.03a
	13.82 ± 0.73a
	13.96 ± 1.49a

	R2
	0.85
	0.98
	0.97
	0.97

	CV (%)
	5.32
	5.26
	2.85
	7.63


R2 = coefficient of determination; CV: coefficient of variation. Means in the same column followed by the same letters do not show significant differences according to Tukey's test (p ≤ 0.05).

The second-season root yield results for the Altiplano variety grown in raised beds confirm not only the influence of environmental conditions on the performance of this genotype (G × E interaction) (Prajapati et al., 2015), but also emphasize the critical role of the raised bed cultivation system. This system enhanced soil drainage, improved aeration, and contributed to more stable soil temperatures - factors that collectively supported more uniform and consistent production of second-season roots (Harrison et al., 1985; Nath et al., 2019; Thind & Mahal, 2021).
The relatively high second-season root yield observed in the control treatment across both locations can likely be attributed to the higher seeding rate used in the traditional planting system of the region (8 kg ha-1), which increased plant density and overall biomass accumulation.

Discarded roots and commercial root yield
The ANOVA results revealed significant differences (p ≤ 0.05) in the interaction between location, variety, and cultivation system for both the quantity of discarded roots and the yield of commercial-grade roots. These findings indicate that the combined effect of these three factors significantly influenced these response variables. The highest amounts of discarded roots were recorded in the control treatment at both locations (Koari Alto: 15.95 ± 0.83 t ha-1; Koari Lagunillas: 14.44 ± 1.00 t ha-1). In contrast, the Altiplano variety grown in raised beds recorded the lowest quantities of discarded roots at both sites (Koari Alto: 0.44 ± 0.27 t ha-1; Koari Lagunillas: 0.30 ± 0.15 t ha-1) (Table 7).

Table 7. Average for discarded roots (t ha-1) and commercial root yield (t ha-1) by location.
	Treatments
	Koari Alto
	Koari Lagunillas

	
	Discarded roots
	Commercial real estate performance
	Discard roots
	Commercial real estate performance

	High plateau with raised bed
	0.44± 0.27d
	29.57 ±4.72a
	0.30 ± 0.15d
	39.66 ± 2.27a

	Var. Altiplano without raised bed
	7.46 ± 0.83b
	24.63 ± 1.11ab
	9.29 ± 0.48b
	31.75 ± 1.19b

	Var. Montenegro 1 with raised bed
	1.40 ± 0.61d
	18.81 ± 1.36c
	1.38 ± 0.34d
	18.67 ± 0.63c

	Var. Montenegro 1 without raised bed
	5.84 ± 0.57c
	17.53 ± 1.32c
	6.22 ± 0.71c
	18.52 ± 1.28c

	Var. INIAF Laraga Vida with raised bed
	0.55 ± 0.34d
	17.29 ± 0.79c
	0.96 ± 0.34d
	16.62 ± 0.43cd

	Var. INIAF Laraga Vida without raised bed
	6.40 ± 0.67bc
	15.03 ± 1.00c
	6.07 ± 0.53c
	14.19 ± 0.57d

	Control (torigin)
	15.95± 0.83a
	27.91 ± 1.03ab
	14.44 ± 1.00a
	33.65 ± 2.20b

	R2
	0.97
	0.92
	0.98
	0.98

	CV (%)
	9.81
	2.14
	6.44
	1.31


R2 = coefficient of determination; CV: coefficient of variation. Means in the same column followed by the same letters do not show significant differences according to Tukey's test (p ≤ 0.05).

These results can be attributed to the higher planting density and, more notably, to the use of the traditional cultivation system without raised beds, which favored the production of non-commercial (discarded) roots. Additionally, treatments without raised beds produced a greater number of deformed and cracked roots, likely due to soil compaction, inadequate drainage, and fluctuations in soil moisture and temperature—common issues associated with conventional planting methods. In contrast, the raised bed cultivation system significantly reduced the number of discarded roots at both locations, indicating that this technology promotes more uniform root development in the evaluated varieties.
Regarding commercial root yield, the Altiplano variety grown in raised beds significantly outperformed (p ≤ 0.05) all other treatments at both sites (Koari Alto: 29.57 ± 4.72 t ha-1; Koari Lagunillas: 39.66 ± 2.27 t ha-1), with a more pronounced effect observed in Koari Lagunillas (Table 7). This result is attributed to the raised bed system’s ability to promote the production of more homogeneous roots, primarily of first and second quality (Nath et al., 2019), a finding that has been supported by other studies (Ayupov et al., 2019; Santhi et al., 2015; Huespe et al., 2022).

Conclusions

Under the conditions of this study, the Altiplano variety exhibited a later phenological response in terms of days to emergence and harvest when compared to INIAF Larga Vida, which demonstrated earlier development but showed a tendency toward premature flowering. The raised bed planting system significantly improved commercial yield and root quality across all evaluated varieties. In this context, Altiplano was particularly noteworthy, achieving the highest commercial root yields (Koari Alto: 29.57 t ha-1; Koari Lagunillas: 39.66 t ha-1) and greater uniformity in first- and second-grade roots when compared to Montenegro 1, INIAF Larga Vida, and the control. Producers for its favorable morphological traits valued the INIAF Larga Vida variety; however, its flowering tendency indicates a need for genetic improvement to enhance its adaptability to environments such as those studied.
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