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Climate change, land degradation, and shrinking land resources are major limitations for increasing crop productivity in the East Himalayan Region (EHR). Agroforestry having a plethora of complementarities is a preferable land-use option for improving agricultural productivity while conserving the natural resources. The effects of agroforestry systems with Gamhari (Gmelina arborea) (GAFS) and Alder (Alnus nepalensis) (AAFS) as tree components, on the soil nutrients, physiological characteristics, and productivity of turmeric (Curcuma longa L.), elephant foot yam (Amorphophallus paeoniifolius), and colocasia (Colocasia esculenta), were assessed in a split plot design with trees in the main plots and understorey crops in sub-plots. The hypothesis of the study was the tree components had enriched the soils and favorably influenced physiological attributes of the understorey crops, enhancing the yields and maximising systems productivities. AAFS canopy had a higher (p < 0.05) leaf area index (LAI = 2.19) than the GAFS (LAI = 1.01). AAFS recorded 32% lower (p < 0.05) photosynthetically active radiation (PAR) than sole crops under treeless conditions (TLS). ANOVA revealed significant interactions (p < 0.01) between tree systems and the understorey crops with their influence on chlorophyll content (SCMR), leaf thickness (LT), stomatal size (SS), stomatal frequency (SF), stomatal conductance (gs), photosynthetic rates (A), transpiration rates (E), intercellular CO2 concentration (Ci), instantaneous water use efficiency (iWUE) and crop yields (YLD). SCMR, SS, SF, gs, iWUE, and YLD in GAFS and AAFS increased significantly (p < 0.05) over TLS, whereas, SF and E significantly decreased (p < 0.05). Regression of physiological traits on yields showed SS (b = 0.0884, p = 0.002), gs (b = 0.00934, p = 0.018), and iWUE (b = 0.2981, p = 0.008) influenced positively, whereas SF (b = −0.0381, p = 0.019) and E (b = −2.304, p = 0.02) negatively impacted the YLD of understorey crops. Alder-turmeric system harnessed the attenuated light with better soil fertility most favorably, supporting high SCMR, low E, high A, high gs to produce higher YLD. Turmeric achieved the highest system productivity (USD 4,281 ha−1 year−1) under the AAFS. Soil pH, organic carbon and nitrogen were significantly enriched (p < 0.05) after 14 years of converting the lands to agroforestry systems. Alder-turmeric was the most effective tree-crop pairing delivering enhanced productivity, soil health and economic returns for sustainable agriculture in the EHR.
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Introduction

Agricultural production is considerably affected by rapid global climate change. Frequent extreme weather events like uneven precipitation, droughts, floods, temperature fluctuations, affect crop physiology and thereby reduce the crop yields (Annie et al., 2023; Layek et al., 2023; Rangappa et al., 2024). Climate change has accelerated land degradation, impacting the sustainable growth in agricultural production to support the burgeoning population (Eekhout and de Vente, 2022; Bibi and Rahman, 2023). The climate models for Eastern Himalayan Region (EHR) indicate significant changes in temperature and precipitation (Rajbhandari et al., 2015; Choudhury et al., 2019). EHR faces severe land degradation due to unprecedented soil erosion, extensive practice of Jhum farming and wide spread low pH soils across hill terrains that pose significant challenge for achieving sustainable agriculture (Das et al., 2017; Hazarika et al., 2021). Jhum farming, a form of shifting cultivation or Swidden Agriculture is an age-old crop cultivation system practiced by the tribal farmers where the forest vegetation/biomass is slashed, dried in situ and burnt on the field. The fields are cultivated for 2 to 3 years and thereafter abandoned to regenerate before a new area is searched to repeat the process. In earlier times, the fallow period was 20 to 25 years before the lands were revisited for cultivation. Because of the expanding population in the hills and the decrease in per capita land availability, the fallow period has shortened to less than 5 years, the period too short for the lands to rejuvenate. Moreover, high-intensity rainfall and slopping land configuration lead to high soil acidity, nutrient loss, soil erosion, and associated land degradation processes. The average annual soil organic carbon loss due to soil erosion is 703 kg ha−1 year−1 in the region (Ramesh et al., 2015). About 36.6% of the total geographical area of the region is degraded; nearly double the national average of 20.17%.1 Soil loss from the hill slopes in the shifting cultivation land (Jhum farming) was reported at 147, 170, and 30 t ha−1 year−1 in the first year, second year, and abandoned Jhum, respectively (Singh and Singh, 1981). The productivity of such lands is very low. Small landholding, low productivity, and shrinking land resources due to the burgeoning population make agriculture on such lands unsustainable.

Agroforestry systems (AFS) can play an important role in adapting to degraded ecosystems in aberrant climatic conditions (de Stefano and Jacobson, 2017; Dagar and Gupta, 2020) by amending microclimates (Gomes et al., 2020). Agroforestry, which deliberately includes trees in the agricultural production system, is often advocated as a climate-smart solution. AFS provide multiple benefits in terms of improving the soil fertility and hydrological properties, enhancing land use efficiency by vertical expansion, providing insurance against sudden crop failures due to extreme climate events, and providing multifarious livelihood needs such as fuel, fodder, fiber, food, etc. (Waldron et al., 2017; Mbow et al., 2014; Masoodi et al., 2013). Many traditional AFS viz., Alder-large cardamom (Alnus nepalensis-Amomum subulatum), arecanut (Areca catechu) with pineapple (Ananas comosus) and black pepper (Piper nigrum), Khasi mandarin (Citrus reticulata)-based AFS, Parkia roxburghii based AFS, home gardens are practiced in the northeast hill region of India (Bhatt et al., 2001). However, the effectiveness of AFS depends on how the complementarities and synergies among different components are harnessed and converted into economic gain while continuing to provide ecosystem services. Complementary integration of trees and crops not only provide ecosystem services, arrest land degradation, soil fertility enhancement, prevent soil erosion, and better adapt to future climate change situations but also increase crop yield and yield stability, especially within adverse climatic conditions to enhance the livelihood of the rural/tribal population. Higher system productivity and diversified products coupled with high economic returns are essential for the acceptance and spread of the system among the resource-poor tribal farmers of the region.

Agroforestry designs (spatial and temporal) consisting of various tree species can significantly improve soil fertility, making available specific nutrients and moisture favorable for the associated understorey crops (Sinacore et al., 2017). Modification in soil and micro-climate often causes a variety of changes in the phenology (Broadhead, 2015), morphology (Buchanan et al., 2019), and physiology (Lin, 2007) of understorey crops. Interactions between trees and understorey crops are significant, making it crucial to choose the right understorey crops to pair with tree species based on a range of agronomic and physiological characteristics. The structure and density of the tree canopy significantly affect the amount and quality of light reaching the crops growing under their canopy. Agroforestry moderates the microclimates by decreasing evaporation, improving water and nutrient recycling, and enhancing soil carbon and microbial activity (Barrios et al., 2012; Kuyah et al., 2017). Investigation of the photosynthetic characteristics would help to understand the fitness of the understorey crops to the microenvironment below the tree canopy.

Moderation of micro-climate in the AFS can improve gas exchange, stomatal plasticity, moisture status, and water use efficiency by the system, depending on the tree and companion understorey crop species (Lasco et al., 2014; Arenas-Corraliza et al., 2019). Increased temperatures often cause high photorespiration in most C3 plants. Therefore, any reduction strategy by restricting high solar radiation and high temperature through shading would alleviate damage from photorespiration which could be one of the potential and key strategies for climate change adaptation. Drought and low moisture driven leaf temperature and plant water loss changes is another issue affecting crop productivity. Alternatively, adapting to shade conditions, such as AFS, without affecting the photosynthetic efficiency can lower transpiration loss and improve water use efficiency and nutrient availability for crop uptake, contributing to higher yield. Therefore, limiting transpiration while maintaining or enhancing photosynthetic rate should be the major criterion for selecting annual crops to adapt to modified micro-climate in the AFS.

Shade-tolerant species have higher plasticity in the physiological characteristics than the sun species (e.g., most C4 plants), which helps them to exploit the favorable micro-environment provided by AFS. For example, cocoa, a shade loving understorey crop, exhibited saturation between 200 and 750 μmol m−2 s−1 photosynthetically active radiation (PAR) levels with low light compensation point (LCP) in the range of 5–57 μmol m−2 s−1 (Daymond et al., 2011; Almeida et al., 2014; Ávila-Lovera et al., 2016; Tezara et al., 2016), maximum net carbon assimilation (A) rates between 1 to 8 μmol m−2 s−1 (Suárez Salazar et al., 2018). Physiological characteristics viz., growth, stem photosynthesis, and leaf-level water use efficiencies of cocoa were affected by different overstorey shade tree species (Carvalho et al., 2023). In association with Cariniana pyriformis in multi-storey cropping, cocoa exhibited a better photosynthetic ratio in all seasons. Cultivation of taro (Colocasia esculenta) and millet (Pennisetum glaucum) under Adansonia digitata and Parkia biglobosa in Burkina Faso revealed that taro produced higher biomass production under trees compared to sole cultivation by increasing its leaf area index (LAI), and thus avoiding reduction in net photosynthesis (PN), while millet showed an opposite trend, signifying taro was more efficient in effectively exploiting the tree-crop interaction in its favour to enhance productivity (Sanou et al., 2012).

Shading is important for the growth and development of intercrops like turmeric. Under bamboo canopy, turmeric performed better with light transmittance of 66 and 86% and hence required a minimum bamboo spacing of 8 × 8 m for higher production of turmeric in Kerala, India (Kittur et al., 2016). Further, they also inferred that higher LAI, lower photosynthetic active radiation (PAR), and increased root competition for nutrient uptake of the intercrop in denser bamboo spacing (4 × 4 m) resulted in decreased turmeric rhizome yield. Similarly, Dhillon et al. (2009) found that turmeric preferred partial shade for higher production without significantly reducing net photosynthesis, stomatal conductance, and transpiration. Alam et al. (2020) witnessed higher net photosynthesis in turmeric (17.40 mmol m−2 s−1) under 50% shade followed by 33% shade (15.30 mmol m−2 s−1) in the Bundelkand region of India, thus indicating 50% shade helps in increasing the above and below ground biomass production of turmeric. In 80% shade, leaf area remained significantly lower than 70% shade levels as the development and expansion of leaves reduced under sub-optimal solar radiation, adversely affecting photosynthesis, growth, and leaf formation (Sharangi et al., 2022). Full light substantially decreased its photosynthetic rate due to the high photorespiration process. The yields of rhizomes under silk tree (Albizia chinensis) stands were higher than full light, due to reduced photorespiration by Curcuma xanthorrhiza (Indonesian turmeric or temulawak) plants under low light conditions (Purnomo et al., 2018). In species with low light requirements, high irradiance may significantly increase photorespiration generating photo-inhibitory effects, decreasing electron transport, photosynthetic rates and carbon acquisition as reported in Cabralea canjerana, Cariniana estrellensis in Brazil (Calzavara et al., 2019). The transpiration (E) rates of crops were the lowest under shade than that under the open conditions. Most water use efficiency (WUE) studies use instantaneous measurements of leaf photosynthesis and transpiration, assuming they are representative of whole-plant WUE (Martorell et al., 2015). Therefore, the key to any successful agroforestry model would be the appropriate selection of components to optimize the overall system productivity (Bijakal et al., 2019).

Colocasia (Taro) and Elephant Foot Yam (EFY) were traditionally the principal food crops of most indigenous people across the major continents. They are primarily grown within subsistence farming systems in the EHR for their edible tubers and nutrient-rich leaves. They are contingency crops, providing a reliable food source in situations when the availability of other food crops is scarce. Colocasia was the original staple crop of the Nagas, the tribals of one of the EHR states called Nagaland. They are presumed responsible for the domestication and diffusion of Colocasia into other parts of the world (Mills, 1937). Elephant Foot Yam (Amorphophallus paeoniifolius) is also a nutrient-dense root crop in the diet of the rural population in many developing countries. Turmeric (Curcuma longa L.) is a perennial rhizomatous cash crop native to the Indian subcontinent and Southeast Asia. It is a valuable crop with very high culinary importance, and a constituent of many traditional Indian medicines and Ayurvedic formulations (Sasikumar, 2007; Dash et al., 2024). India is the world’s largest producer, consumer, and exporter of turmeric. India holds a 62% share of the world turmeric trade (Government of India, 2024). Turmeric is also the primary cash crop of the tribal farmers of the EHR in which they cultivate turmeric on sloping cultivable land by the Bun system, a variant of the Shifting cultivation practice. The region produces the world’s finest quality turmeric, locally known as Lakadong. This variety is distinguished by its exceptionally high curcumin content (8.5–9.0%) in the rhizome.

The yield and shade tolerance of understorey crops is regulated by specific plant traits and, the plasticity of the morpho-physiological characters to adapt to climate change. Yet data on their physiological efficiency in different tree-crop combinations within the agroforestry systems, particularly in the EHR where the practice is extensive, are insufficient. Therefore, an experiment was conducted in the mid-altitude uplands of Meghalaya, using 14 years old AFS having the Alder (Alnus nepalensis) and Gamhari (Gmelina arborea) as tree components and three shade-tolerant crops Colocasia (tuber crop), Elephant Foot Yam (tuber crop) and Turmeric (rhizomatous spice crop) as understorey crops in the tree inter-row spaces and sole crop in open conditions without any tree components were cultivated with the aim to test the hypothesis that the long-term effects of the tree components had enriched the soils of the AFS. The leaf and physiological plasticity of the understorey crops in response to the modified environment of attenuated light and better soil fertility in the AFS effectively harnessed the tree-crop synergies, enhancing total system productivity and economic returns compared to the sole cropping.



Materials and methods


Location, soil and climate of the study area

The experimental site is at the East Khasi Hills of the Meghalaya state in the North-eastern part of India (25° 40′ 45″ N latitude, 91°54′ 46″ E longitude, 993 m altitude). The soil is clay loam in texture, acidic in reaction (pH 4.36–4.76), and rich in organic matter. Long term (27 years) average annual rainfall of the locality was 2410.4 mm (±373.4); mean maximum temperature, minimum temperature, sunshine hours, relative humidity and pan evaporation were 24.81°C, 15.75°C, 5.42 h day−1, 74.40%, 1057.6 mm year−1, respectively (Choudhury et al., 2012). The mean maximum temperature during the experimental period ranged from 21.16°C to 25.94°C, whereas the mean minimum temperature ranged from 4.97°C to 12.59°C. The maximum relative humidity in morning hours was between 74.29 to 88.00%, and the minimum was 33.86 to 62.86%. The station received an annual rainfall of 2,200 mm. The pan evaporation varied from 1.93 to 3.61 mm per day. The experimental site falls under a per-humid subtropical climate. Meteorological data during the period of experimentation is depicted in Figure 1.

[image: Figure 1]

FIGURE 1
 Meteorological data of experimental site during crop growing season.




Layout of experiment

A field study was conducted in 14-year-old Alder and Gamhari based AFS models in the experimental farm of the Indian Council of Agricultural Research Complex for North Eastern Hill Region (ICAR RC NEH), Umiam, Meghalaya, India (Figure 2). The land with an average slope of 7.5% was converted into terraces of approximately 5 m in width. The Alder and Gamhari trees were planted on the contours along the terrace risers at a spacing of 5 m with a tree density of approximately 400 trees per ha. The Alder, and Gamhari agroforestry systems and a control without trees were considered as three treatments in the main plot. Three understorey crops: turmeric (Curcuma longa L.), elephant foot yam (Amorphophallus paeoniifolius), and Colocasia (Colocasia esculenta L.) were planted as subplot treatments during the first week of April on the terraces in alignment with the contours (Figure 3). The row-to-row and within-row spacing for turmeric, colocasia, and EFY were 40 cm × 30 cm, 50 cm × 50 cm, and 80 cm × 80 cm, respectively. About 50 cm of space was left blank on all sides of the tree trunk. A 50 cm width empty space was also left from the ridge and toe of the terrace risers. The average vertical interval between the terraces was 35 cm for manually prepared terrace risers. All three understorey crops were also grown in open fields without trees as a control treatment for comparison. Data on yield attributes were recorded on 10 randomly selected plants from the central rows, leaving a border row around each plot to nullify border effects. The average data of the plants were scaled to estimate a yield per hectare. For ease of expression, we will use the abbreviations for the Alder-based system, Gamhari-based system, and open/treeless plots as AAFS, GAFS, and TLS in the subsequent sections.

[image: Figure 2]

FIGURE 2
 Location of the experimental site.
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FIGURE 3
 Layout of the experiment with trees and sole cropping as main plot treatments (n = 3) and understorey crops as sub-plots treatments (n = 3) in a split plot design.




Soil sampling and analysis

Composite soil samples in triplicate were collected from the AAFS, GAFS, and TLS at two depths (0–15 cm) and (15–30 cm) before setting up the experiment to assess the long-term effect of the tree species on soil properties. The background management in agroforestry and plots without trees were similar. Therefore, variations in the soil properties were considered to be due to the long-term effect of trees. The growth of the under-storey crops was influenced by the above ground environment created by the tree canopy and the below ground soil environment modified by the trees. The below ground effect is the accrued effect over 14 years. Therefore, we consider the effects of trees are the inclusive effect of both above and below ground environment created by the trees. The soil samples in each system- Alder, Gamhari, and TLS, were bulked separately, and composite samples for each land use were constituted. All the soil samples were air dried under shade and sieved through a 2.0 mm sieve. Soil bulk density was measured at two depths using the core sampling method with the help of a core augur (Allen et al., 1974). Soil pH was determined by a digital pH meter in soil water suspensions made of soil and distilled water in 1:2 ratio (Jackson, 1973); soil organic carbon (SOC) was estimated by Walkley and Black (1934). The soil available nitrogen content was determined by following Subbiah and Asija (1956). Initially, 20 g soil sample was added to 100 mL 0.32% potassium permanganate to which 100 mL 2.5% sodium hydroxide (NaOH) was added. The mixture was heated in a distillation unit, and the liberated ammonia (NH₃) was collected in a conical flask containing 20 mL of 4% boric acid (H3BO3) solution. The excess boric acid was titrated with standard (0.01 N NaOH) using a methyl red indicator. For determination of soil available potassium (exchangeable K), 5 g soil was diluted to 25 mL of 1 N ammonium acetate solution (1:5 ratio of soil: extractant). After 30 min of shaking, the solution was filtered. The final volume was adjusted to 25 mL with distilled water. The solution was used to determine the available potassium on a flame photometer (Jackson, 1973). Soil available phosphorus was estimated by following Bray and Kurtz (1945), where soil was extracted with the help of 0.5 M sodium bicarbonate (NaHCO3). The use of NaHCO3 helps in releasing the available soil phosphorus in the solution. This extracted solution was reacted with ammonium molybdate ((NH4)2MoO4). The phosphomolybdate complex was reduced to form “molybdenum blue” by ascorbic acid (C6H8O6). The intensity of the blue color was measured using a spectrophotometer at 600 nm wavelength.



Measurement of tree canopy parameters

LAI and mean foliage inclination of the tree canopy were recorded with the help of a Plant Canopy Analyzer (CI-100, CID, Inc., Vancouver, Washington), having a digital camera attachment and fish eye (150°) lens positioned at the end of a 0.8 m (2.62 ft.) probe. The measurements were recorded during the forenoon with the least light inclination. The software provided with the canopy analyzer divided the images into user-defined numbers of zenith and azimuthal divisions (Chen et al., 2005). Then, it analysed the fraction of sky (solar beam transmission coefficient) visible in each sector by tallying with light (monochrome). Images for each canopy were captured at five sampling points for each agroforestry system by placing the fisheye lens at the end of the probe at the base of the tree bole, and the average values were calculated.



Physiological attributes of understorey crops

The physiological parameters were recorded on three fully developed leaves per plant at the active growth stage of the understorey crops (Turmeric, Colocasia, and Elephant Foot Yam) away from the border rows. The total chlorophyll content [SPAD Chlorophyll Meter Reading (SCMR)] was measured by a SPAD meter (Konica Minolta, Japan). The photosynthetic parameters such as stomatal conductance, leaf temperature, intercellular CO2, transpiration, and photosynthetic rates were measured by a Portable Photosynthetic System (PP System), model Walz GF 3000, during the forenoon of a sunny day. The instantaneous water use efficiency at leaf level (iWUE) was calculated from the gas exchange data using the following formula (Medrano et al., 2015) (Equation 1):

[image: image]

The stomatal characteristics of the abaxial surface of mature leaves were analysed using thermocole-xylene, a paste prepared by dissolving thermocole (a styrene polymer) in xylene (Layek et al., 2023; Rangappa et al., 2024). A thin layer of the thermocole paste was applied to the leaf surface, allowed to dry, and then carefully peeled off using forceps to avoid damage. The peels were placed on glass coverslips with a few drops of water and mounted on a compound microscope (BX-50F, Olympus, Japan). Stomatal parameters, including stomatal density, size, and the number of guard cells, were measured in three distinct microscopic fields at 40× magnification. Stomatal frequency and stomatal index were calculated using the following formulas (Equations 2, 3):
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The leaf thickness, expressed in μm, was measured by a digital vernier calliper (Mitutoyo Corporation, Japan) by clamping fresh leaves in non-destructive way (Hazarika et al., 2021).



Mean annual increment of tree volume and economics of system productivity

For estimating the volume of wood in the standing trees in the AFS, five trees per replication were randomly selected, and their diameter at breast height (diameter at 1.37 m from the ground) was recorded with the help of a calliper. The height of the trees was measured by an Abney’s level. Published allometric equations for the two species were used to estimate the volume of Individual trees.

For Alnus nepalensis, the following allometric equation was used to estimate the volume of wood per tree (Sharma and Pukkala, 1990) (Equation 4).

[image: image]

where, parameter a, b, and c for Alder are −2.7761, 1.9006 and 0.9428, respectively. D = diameter at breast height (cm) and H = height of the tree in (m), V = volume of the tree in (m3).

The equation for calculation of tree volume of Alder was originally computed from allometric equation which is commonly utilized for describing relations between tree dimensions.

[image: image]

where a′, b, c is parameters. Since volume is proportional to the square of the diameter and directly proportional to the height, parameter b should be close to two and parameter c close to one. The allometric equation mentioned at Equation 5 may be converted into logarithmic form as presented in Equation 4.

For Gmelina arborea, the allometric equation used for volume estimation (Equation 6) (Carbon Stocks Report, Forest Survey of India, https://fsi.nic.in/carbon-reports) was:

[image: image]

where, D = diameter at breast height (cm) and V = volume of the tree in (m3).

The mean annual volume increment per ha was estimated by dividing the total volume per ha by the total growth period of the trees in years. The annual productivity of wood and the understorey crops was converted to monetary value based on the current market prices of the locality and summed to get the gross system productivity in US dollars (USD).



Statistical analysis

A split plot experimental design with 5 replications was performed where Alder AAFS, GAFS and TLS were treated as main plot treatments and the three understorey crops colocasia, elephant foot yam and turmeric were treated as subplots randomized within the main plots. Parameters for which the F-test was significant, LSD as a post hoc test was conducted for comparison of means at 5 percent level of significance (p = 0.05) (Gomez and Gomez, 1984). When the interactions between tree system and understorey crop species were significant, the means of the leaf, physiological and yield parameters were compared at the same level of sub-plot treatment. Statistical analysis was performed by using “agricole” package version 1.3-7 in R. Linear regressions and curve fitting were done to assess the effect of different physiological characters on yield of each crop.




Results


Physico-chemical properties of soil

Analysis of variance of the initial soil properties revealed statistically significant variation among the land-uses for bulk density (p = 0.02), soil pH (p < 0.001), soil organic carbon (p < 0.001), available nitrogen (N) (p < 0.001), available phosphorus (P) (p < 0.001) and available potassium (K) (p = 0.004) at 0–15 cm depth (Table 1). At 0–15 cm depth, the soil bulk density in AAFS (1.22 Mg m−3) was statistically at par (p > 0.0.05) with GAFS (1.22 Mg m−3) but significantly lower (p < 0.05) than the TLS (1.27 Mg m−3). Soil pH under all the land uses were significantly different (p < 0.001) from each other, AAFS being the highest (5.21) followed by GAFS (4.88) and TLS (4.46). AAFS contained 3.64% (p > 0.05) and 17.97% (p < 0.01) higher soil organic carbon than GAFS and TLS, respectively. Similarly, soil available nitrogen in AAFS was 4.7% (p < 0.05) and 14% (p < 0.05) higher than GAFS and TLS, respectively. Available P under AAFS was significantly higher (p < 0.05) than TLS but statistically at par (p > 0.05) with GAFS. There was also significant variation (p = 0.004) in available K among the three systems. Available K between AAFS and GAFS were not significantly different, but both the AFS has significantly higher (p < 0.05) available K than that of TLS. All these soil parameters in the sub-surface layer (15–30 cm) had less numerical value than the corresponding parameters in the surface soil (0–15 cm) except for soil pH and bulk density. At 15–30 cm soil depth, ANOVA revealed significant variation among all the soil parameters except BD (p > 0.05). However, the trend of variation was similar in both depths.



TABLE 1 Soil physico-chemical properties under 14 years old Alder and Gamhari based AFS.
[image: Table1]



Tree canopy spread and light availability

The canopy density recorded by the canopy analyzer revealed more canopy coverage for Alder (Alnus nepalensis) than for Gamhari (Gmelina arborea). Crowns of Alder and Gamhari developed uniformly in all directions (Figure 4). The LAI of Alder (LAI = 2.19) was significantly higher (p < 0.05), nearly two times, than that of Gamhari (LAI = 1.01). The mean leaf angle of the tree species that regulated the light penetration was significantly lower (p < 0.05) under the alder canopy (26.42°) than that of Gamhari (56.58°), signifying Gamhari had more horizontal orientation of leaves with the ground surface (Figure 5). ANOVA revealed significant differences (p < 0.001) in PAR among all the systems. PAR was the highest under TLS (1,258 μEi m−2 s−1) followed by Gamhari (993 μEi m−2 s−1) and Alder (858 μEi m−2 s−1). The crops under Alder received 14 and 32% less PAR (p < 0.05) than those cultivated below the canopy of Gamhari and TLS, respectively (LSD0.05 = 42.9) (Figure 5).

[image: Figure 4]

FIGURE 4
 Canopy image of Alder (Alnus nepalensis) and Gamhari (Gmelina arborea) in the agroforestry systems.
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FIGURE 5
 Canopy attributes and PAR with Alder and Gamhari tree canopies. Means of MLA and LAT of the two tree species compared with Student’s t-test at 5% level of significance. ANOVA for PAR revealed significant variation (p < 0.001) and means were compared by LSD (5%). Error bars in MLA and LAI represent standard error; error bars in PAR indicate LSD (0.05).




Effect of AAFS and GAFS on leaf morphological and stomatal attributes of the understorey crops

The ANOVA revealed significant differences in the leaf morphological and stomatal traits of the understorey crops (Turmeric, Colocasia and EFY) (Table 2). The AFS increased the SPAD chlorophyll meter reading (SCMR) of understorey crops in comparison to TLS. The SCMR averaged over all the understorey crops was highest in AAFS followed by GAFS and TLS (p < 0.05). Variations in the response variables of the individual understorey crops in GAFS, AAFS, and TLS were compared by comparing the subplot mean of understorey crops in the different systems. There was a statistically significant (p < 0.001) interaction between trees and the understorey crops in their influence on the leaf chlorophyll content. The highest SCMR was recorded in colocasia under AAFS (47.5), which was significantly higher (p < 0.05) than the SCMR of colocasia under GAFS (45.8) and TLS (40.3). A similar trend for SCMR (at p < 0.05) was observed for EFY and turmeric grown under AAFS and GAFS, respectively (Table 2). The AAFS and GAFS (main plot treatment effects) significantly reduced (p < 0.001) the leaf thickness of the understorey crops. But there was also a significant interaction (p < 0.001) effect between tree systems and understorey crops on the leaf thickness. The reduction of leaf thickness (p < 0.05) in the AAFS compared to TLS in colocasia, turmeric and EFY were 11.3, 10 and 5.2%, respectively.



TABLE 2 Leaf physiological traits of under-storey crops in the agroforestry systems.
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A wide variation was observed in stomatal features among the understorey crops (Figure 6). In all crops the abaxial surface had much more stomata than the adaxial leaf surface. The stomatal openings of EFY were narrower than turmeric and colocasia. The overall effects of trees (main plot effects) and tree-crop interaction, as revealed by ANOVA, was highly significant (p < 0.001) on the stomatal frequency (SF) and stomatal size (SS), stomatal index (SI) and stomatal conductance (gs) of colocasia, EFY and turmeric. The mean SF of the understorey crops in AAFS and GAFS were 26.0 and 12.3% lower (p < 0.05) than TLS (Table 3). For the individual crops under different systems, the reduction was more pronounced in EFY where the reduction under AAFS in comparison to TLS (p < 0.05) was 28%. The SS followed an opposite trend, the highest under AAFS (110.2 μm2) and the lowest under TLS (85.4 μm2). Among the land-use systems for an understorey crop, turmeric under Alder (AAFS) had the largest stomata (163 μm2), significantly higher (p < 0.05) than the Gamhari (GAFS) and TLS. The lowest SS (52.0 μM2) was recorded in colocasia in TLS. The SI of all the understorey crops decreased significantly (p < 0.05) in tree-based systems with reference to sole crops (TLS) except in turmeric where the decrease was statistically non-significant (p > 0.05). The value of stomatal conductance of all the three understorey crops were higher to a tune of 101.0 and 38.9% (p < 0.05) under AAFS (Alder tree) than GAFS and TLS (pure crop). The stomatal conductance in colocasia under different systems were statistically different (p < 0.001) and were in the order of AAFS (330.1 mmol m−2 s−1) > GAFS (254.1 mmol m−2 s−1) > TLS (173.1 mmol m−2 s−1) (p < 0.05). EFY and turmeric also followed similar trends (p < 0.05). It was in the order of 302.5 mmol m−2 s−1, 206.2 mmol m−2 s−1 and 136.2 mmol m−2 s−1 under AAFS, GAFS and TLS, respectively. For turmeric, stomatal conductance was highest in AAFS (304.2 mmol m−2 s−1) followed by (p < 0.05) GAFS (217.8 mmol m−2 s−1) and TLS (156.8 mmol m−2 s−1) (Table 3).
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FIGURE 6
 Stomatal attributes of different ground crops grown under the tree canopy of Alder, Gamhari and TLS (control) conditions. COL, Colocasia; EFY, Elephant Foot Yam; TUR, Turmeric.




TABLE 3 Stomatal traits of understorey crops in different agroforestry systems.
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Photosynthetic traits of understorey crops as influenced by tree species

ANOVA revealed all three effects, i.e., main plot, subplot and interaction effects were significant (p < 0.01) for transpiration (E) and photosynthetic rates (A) and intercellular CO2 concentration (Ci) (Table 4 and Figure 7). The transpiration rates (E) of all the understorey crops in TLS significantly decreased (p < 0.001 for main plots) when they were cultivated under the tree-based land use systems. Tree-crop interactions estimated in the ANOVA was highly significant (p < 0.001) for E of the understorey crops. The highest transpiration rate (2.66 mmol m−2 s−1) was in colocasia grown in TLS which decreased under the systems integrated with Gamhari (2.44 mmol m−2 s−1) and Alder (2.05 mmol m−2 s−1) trees (p < 0.05). EFY and turmeric followed a similar trend. The interaction between the land-uses and understorey crops was significant (p < 0.001) with a moderating influence on the leaf temperature of colocasia, EFY and turmeric. Leaf temperature was reduced (p < 0.05) by approximately 4°C in Colocasia and turmeric and 2°C in EFY under AAFS compared to TLS. The effect of the agroforestry systems on the intercellular CO2 was also similar which decreased in the order of TLS > GAFS > AAFS (p < 0.05). However, the difference between GAFS and AAFS was not statistically significant (p > 0.05). When we compared the intercellular CO2 concentration values of the individual crops under these three land use systems, only the Ci of turmeric in AAFS was significantly higher (p < 0.05) than the TLS. The photosynthetic rate (A) followed an opposite trend. On average, the photosynthetic rate of crops grown under Alder trees was 27.5 and 19.3% higher (p < 0.05) than those in TLS and GAFS (Table 4). A similar trend with statistically significant differences (p < 0.05) was maintained in the photosynthetic rate of Colocasia, EFY, and Turmeric across the land use systems. There was a significant difference (p < 0.001) in instantaneous water use efficiency (iWUE) among all three understorey crops cultivated with and without trees, i.e., pure crops in open conditions (Figure 7). ANOVA revealed significant interaction (p < 0.001) between the land-uses (Alder, Gamhari and sole cropping) and the understorey crops for water use efficiency. The highest iWUE was recorded in all the three understorey crops colocasia (12.82 mol of CO2 per mmol of H2O), EFY (12.01 mol of CO2 per mmol of H2O), and turmeric (8.0 mol of CO2 per mmol of H2O) under AAFS. The corresponding values in the open cultivation as pure crops (7.78, 8.5, and 6.2 mol of CO2 per mmol of H2O, respectively) were significantly (p < 0.05) less. Both AAFS and Gamhari GAFS positively impacted the tuber yield of colocasia, EFY, and rhizome yield of turmeric. Between the AAFS and GAFS, AAFS had a more pronounced effect in increasing the yield of the understorey crops. The overall yield improvement of the understorey crops under AAFS and GAFS was 24.31 and 11.84%, respectively over the pure crop (TLS) (p < 0.05). There was a significant interaction (p < 0.001) between the land-uses and understorey crops, in their influence on the corm, tuber, and rhizome yield of colocasia, EFY and turmeric, respectively. Among the three crops, turmeric recorded the highest yield under the alder tree canopy (Figure 7).



TABLE 4 Photosynthetic traits of understorey crops grown under tree canopies of Gamhari and Alder trees.
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FIGURE 7
 Graphical comparison of physiological characteristics of understorey crops under different agroforestry systems. Results of an ANOVA with tree (main plot-T) (n = 3) and understorey crops (sub-plot-US) (n = 3). The error bars represent LSD (0.05) of T*S. GAFS, Gamhari based agroforestry system; AAFS, Alder based agroforestry system; TLS, Sole crops in treeless land.




Effect of physiological traits on tuber/rhizome yield of the understorey crops

To understand the relationships of the physiological parameters with rhizome/tuber yields of the understorey crops, the yield of each crop was regressed over the physiological parameters separately. Regression coefficients (byx) of physiological parameters (x) on yield (y) of individual understorey crops were positive and significant for Stomatal size (SS), Stomatal conductance (gs), Photosynthetic rate (PR) and instantaneous water use efficiency (iWUE) (Table 5 and Figure 8). For SCMR, the regression coefficients were significant for colocasia (b = 0.1514, p = 0.032) and turmeric (b = 0.41, p = 0.002) but not for EFY (b = 0.1710, p = 0.217). For all these parameters the coefficients for turmeric were higher than that of colocasia and EFY. Regression coefficients were negative and statistically significant for stomatal frequency (SF) of colocasia (b = −0.0381, p = 0.019), EFY (b = −0.0419, p = 0.003), and turmeric (b = −0.1026, p = 0.001); transpiration rate (TR) in colocasia (b = −2.304, p = 0.02), EFY (b = −3.79, p = 0.02), and turmeric (b = −6.13, p = 0.001); intercellular CO2 concentration (Ci) for colocasia (b = −0.0374, p = 0.006), and turmeric (b = −0.0285, p = 0.043) except Ci for EFY (b = −0.0053, p = 0.799), and SI for colocasia (b = −0.1418, p = 0.071), and turmeric (b = 0.079, p = 0.793).



TABLE 5 Regression coefficients (n = 15) of crop yields over physiological traits of understorey crops.
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FIGURE 8
 The relationship between physiological traits and yield of understorey crops depicted by regression equations for each understorey crop (n = 15). The slope and intercept indicate the nature and extent of the effect of the physiological traits on the yields of understorey crops. Significance of regression coefficients are detailed in Table 5. SCMR, SPAD chlorophyll meter reading (SCMR); LT, leaf thickness (μm); SLW, specific leaf weight (mg cm−2); SF, stomatal frequency (stomata mm−2); SI, stomatal index (%); SS, stomatal size (μm2); SC, stomatal conductance (gs) (mmol m−2 s−1); TR, transpiration rate (mmolm−2 s−1); PR, photosynthetic rate (μmol m−2 s−1), Ltm, leaf surface temp. (°C); Ci, intercellular CO2 (ppm); iWUE, instantaneous water use efficiency.




Comparison of total system productivities: agroforestry vs. sole crops

In AFS, the total productivity and economic returns from the complete system are more relevant to the farmers than the productivity of the individual component crops. From the tree component, the mean annual productivity/mean annual increment of wood from Gamhari was nearly doubles that of the Alder. However, the total system productivity in terms of economic returns (USD) was maximum from the AAFS having turmeric as an understorey crop (USD 4,281 per ha); the least income was derived from the sole crops (TLS) (Table 6). Total gross income per ha from sole crops was USD 1,713, 2,093, and 3,338 for colocasia, EFY, and turmeric, respectively. The gross income from the economically best productive system [AAFS (Alder + Turmeric)], was 28, 104, and 150% more than the sole turmeric, EFY, and colocasia, respectively.



TABLE 6 System productivity and gross annual income from the agroforestry systems.
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Discussion


Alder and Gamhari improved soil fertility of agroforestry systems

Soil nitrogen increased significantly in the AAFS compared to the GAFS and TLS. Similar trends were observed for available phosphorous, potassium, and soil organic carbon. Alder trees fix atmospheric nitrogen through Frankia, gram-positive nitrogen-fixing bacteria that form actinorhizal symbiosis (Naik et al., 2023; Yuan et al., 2023). Alder trees were reported to have fixed 155 kg of nitrogen per hectare per annum in an alder (Alnus nepalensis)-large cardamom (Ammomum subulatum) AFS in the Eastern Himalayas (Sharma et al., 2002). In the acid soils, an increase in soil pH under Alder by 0.75 above TLS and 0.33 above GAFS would favor the availability of soil nutrients like N, P, and K. Because of higher LAI, the contribution of leaf litter by Alder to the soil would be higher than that of Gamhari. Saha et al. (2012) had conducted the leaf litter fall and decomposition studies of A. nepalensis and G. arborea in Eastern Himalayas (Meghalaya) and recorded that A. nepalensis produced more the leaf litter (≈9%) and fine root biomass (≈3%) than G. arborea. Apart from these, leaf litter decomposition was more faster A. nepalensis than G. arborea. Subsurface soil had a higher bulk density and lower soil nutrient levels (OC, N, P, K) than the surface layer. Dhyani and Tripathi (2000) and Lenka et al. (2012) reported lower soil nutrient values in the sub-surface soil in the EHR, and they suggested the reduced fine root turnover, aeration, and microbial activity in the sub-surface layers were the principal causes of such differences. Chen et al. (2023) demonstrated soil temperature, litter depth, and the availability of nitrogen and calcium in the soil were strongly influenced by the composition of the canopy.



Tree canopy architecture influenced light availability to understorey crop

The LAI of Alder was twice that of Gamhari, but its mean leaf angle was lower than Gamhari. Lesser leaf angles allow more solar radiations to pass through the canopy as the leaves are oriented more towards vertical plane. Despite having less mean leaf angle than Gamhari, Alder canopy allowed 14% less PAR to reach the understorey crops than the canopy of Gamhari. Higher LAI of Alder might have compensated for the effect of low mean leaf angle and created comparatively more shade effect. Plant canopies intercept and reduce the irradiance exponentially below their canopy. The extent of attenuation depends on the orientation, arrangement, and the total amount of leaves, canopy stratification, and the structural complexities in the canopy (Lambers et al., 2008; Jucker et al., 2014; Zhang and Chen, 2015).



Effect of trees on leaf stomatal and photosynthetic traits of the understorey crops

Plants tend to acclimate to the low irradiance at several leaf plasticity features. Leaf plasticity of a single trait may not fulfil the acclimation requirements to maintain the normal growth and development of a plant. They may alter the leaf anatomy to adapt to change, partition the biomass invested in different plant parts, or change the relative nitrogen investment among photosynthetic components. To increase their light interception, plants generally try to acclimate to low-light conditions by increasing the SLA and Chlorophyll content (Evans and Poorter, 2001). In our experiment the SCMR of the understorey crops increased significantly under the Alder canopy which allowed less PAR through its canopy compared to Gamhari. Elango et al. (2023) and Chen et al. (2021) have indicated that leaves in shaded environments often optimize light absorption by increasing the chlorophyll content per leaf area per unit mass. Sawitri et al. (2020) reported higher chlorophyll concentration in Yam leaves under low irradiation of Tectona grandis based agroforestry system compared to pure yam cultivated under full sun light. Leaf thickness and SLW were reduced in all the understorey crops under AAFS and GAFS, implying that the leaves became thinner and that the specific leaf area (area per unit mass of leaf), which is the reciprocal of specific leaf weight, increased. Many studies reported significant correlations between SLA and relative growth rate (RGR) in plants. However, SLA by itself may not enhance photosynthesis in leaf nitrogen and chlorophyll limiting situations (Osone et al., 2008). Soil nitrogen and phosphorous in the tree-based systems were higher than the sole cropping. The pH moderation in acidic soil also increased the availability of soil nutrients to the understorey crops. Higher availability of N helps to divert N towards chlorophyll synthesis, enhances light capture, and compensates for photosynthetic capacity (Poorter et al., 2019). Therefore, the cumulative effect of higher SLA, soil nitrogen, and chlorophyll might have a direct positive impact on leaf photosynthesis. The effect of N in increasing leaf chlorophyll was more pronounced in colocasia and EFY than in turmeric in shaded environment. In the AFS, the availability of P also increased. Adequate P supports enhancing photosynthesis, strongly influencing stomatal conductance and respiration (Li et al., 2016). Plants that tolerate shade often expand their specific leaf area, resulting in better light absorption (Charlotte et al., 2013). Certain plants adapt their epidermal cells into lens-shaped formations to boost light absorption and distribution, thereby reducing the transmission and reflection of excessive light. Plants may arrange their mesophyll cells in an isobilateral fashion to expand the area available for photosynthesis (Mathur et al., 2017). An increase in the SLA significantly boosts carbon acquisition, potentially leading to increased biomass production and higher yields (Melis and Harvey, 1981). Lower nitrogen and carbon investment per unit leaf surface of shade leaves may boost the carbon gain of plants in low-light environments, increasing net leaf area and light capture (Sims and Pearcy, 1989). The understorey crops evaluated in the present study might have the capability to achieve higher carbon gain in a low-light environment. We observed less leaf thickness in Colocasia (352.0 μm), EFY (235.8 μm), and Turmeric (265.0 μm) under the Alder tree canopy than in the TLS. Leaves grown in high light intensities (sun leaves) are thick and dense, having a larger mesophyll volume fraction and cell surface area than leaves grown at lower light intensities (Poorter et al., 2019). Yang et al. (2019) reported shading by trees decreased leaf thickness, leaf dry matter content (LDMC), leaf mass per unit area (LMA), and enhanced chlorophyll content in Dactylis glomerata. Faridah et al. (2017) reported thinner leaves in EFY under forest tree species with higher shading effects. About 47% higher average leaf area under a yellow shade net than the open field was reported by Harish et al. (2022). Therefore, the leaves of the understorey crops in the AFS were not thin enough to reduce the photosynthetic efficiency significantly as it was adequately compensated by higher chlorophyll content. Chlorophyll in Colocasia and Turmeric leaves revealed greater leaf plasticity than elephant foot yam in the agroforestry systems.

In the AFS, the SF of all the understorey crops decreased, whereas the size of the SS and their stomatal conductance increased. The stomatal conductance is a major determinant of crop yield by impacting photosynthesis and water use. The stomatal morphology, including stomatal size, density, and spacing, has been widely accepted as the determinants of stomatal conductance (Fanourakis et al., 2015). In our study, colocasia showed the highest stomatal conductance under AAFS compared to other understorey crops. The SS and stomatal conductance in turmeric were higher in agroforestry than in the TLS. Stomatal density in leaves of Yam cultivated in Tectona grandis-based AFS receiving 50% of the PAR under full sunlight, was reduced by 45% without any trade-off with tuber yield (Sawitri et al., 2020). Zhang et al. (2019) suggested that larger size and lower density of stomata may promote the initial stomatal conductance at low light. The enhanced stomatal conductance and photosynthesis may have facilitated greater CO2 absorption, leading to an increase in yields (Yan et al., 2012; Hajong et al., 2022). Derebe et al. (2019) reported very high stomatal conductance (0.86 mol m−2 s−1) for Colocasia esculenta in a shaded environment in Ethiopia. Under a low-light environment, high soil nutrient availability, and stomatal conductance are strongly correlated with the photosynthetic rate as they influence the rate of CO2 fixation and assimilation by leaf mesophyll tissue (Li et al., 2022). Under AFS, the supply of all major nutrients like N and P was higher than the sole crops of TLS. The leaf temperature and the transpiration rates of the understorey crops in the agroforestry systems were lower than in the open conditions. The transpiration rate and stomatal conductance of EFY decreased more compared to colocasia and turmeric. Altered SLA and chlorophyll pigments allowed the leaves to absorb enough irradiance/PAR to maintain a high photosynthetic rate. In all the understorey crops in agroforestry systems, transpiration rate were lesser than the sole crops in TLS which might be due to the cooling effects of the tree canopies. The reduced transpiration rate was reported to have highest positive effects on a few crops, increasing the yield up to 0.2 t ha−1 (Sinclair, 2018).

The present study observed an increased photosynthetic rate in the understorey crops beneath the alder canopy, which may be linked to leaf metabolic activity that occurred alongside leaf plasticity in various structures and improved efficiency in utilizing low light conditions (Chen et al., 2007; Vile et al., 2005). The iWUE was better under the alder canopy than the Gamhari and sole crops which may be attributed to lower transpiration rate and higher levels of leaf chlorophyll and photosynthesis. Turmeric could be grown as a shade-tolerant crop (partial shade regimes from 33 to 50%) under light-limiting environments like agroforestry systems. The Photosynthesis rate of the all the understorey crops which are C3 plants, significantly declined under full sunlight. When grown in the agroforestry systems under low light conditions, CO2 uptake and conductance increased. Despite 32% reduction in PAR under the Alder canopy, the PR in colocasia, EFY, and turmeric increased compared to the sole crops in TLS. As light intensity increased to 100% under open conditions (~1,300 μmol m−2 s−1), the photosynthesis decreased, possibly due to higher photorespiration, higher leaf temperature, lower chlorophyll, and lower iWUE. In most shade-tolerant plants, the leaves are at risk of photo-inhibition damage from the high irradiance (Purnomo et al., 2018; Lambers et al., 2008). The threshold PPFD for a species depends on many stress factors like temperature, leaf water potential, leaf nitrogen, etc., (Peltoniemi et al., 2012). Metabolic reprogramming and adjustment in mitochondria and chloroplast were demonstrated in coffee under high light (up to 1,000 μmol photons m−2 s−1) with considerable rates of energy dissipation through photorespiration and efficient photosynthesis (Martins et al., 2014). Chowdhury et al. (2009) reported in PPFD of 800 to 900 μmol m−2 s−1for higher photosynthetic efficiency in Colocasia esculenta. After 900 μmol m−2 s−1, the Fv/Fm ratio started decreasing along with ΦPSII and reached Fv/Fm = 0.68 and ΦPSII = 0.39 at PPDF 1,310 μmol m−2 s−1.

Alam et al. (2020) investigated the physiological attributes that endow turmeric (Curcuma longa) the ability to adapt to shaded environments. They noted that turmeric plants reached a higher CO2 assimilation rate at moderate Photosynthetic Photon Flux Density (PPFD of 704.0 μmol m−2 s−1under 50% shade), exhibited a high photosynthesis rate and PSII quantum yield. Plants display a low coefficient of non-photochemical quenching, maintaining steady photochemical quenching, and an ideal thylakoid electron transport rate in low-light scenarios. Saturation of photosynthetic capacity at low light levels (~ 400 μmol m−2 s−1) was suggested to be responsible for the better performance of cocoa (Theobroma cacao), a naturally shade-loving tree in the tropics (Blaser-Hart et al., 2021). In colocasia, EFY, and turmeric, similar physiological mechanisms could be responsible for adaptation to low light conditions.



Trees improved the yields of understorey crops and system productivity

In general, crop yields were higher beneath the canopy of Alder trees than in the TLS. Accumulation of SOC, N, and P was higher in systems based around Alder trees than in those with Gamhari or TLS. Positive modifications of micro-climate created congenial environments for the understorey crops to enhance their productivity. A meta-analysis by Laub et al. (2022) inferred that beneficial effects could accrue up to a 40% reduction in solar radiation in berries, fruits, and vegetables. Slattery et al. (2013) reported shading increased the plant energy conversion efficiency, offsetting yield depressions in a wide range of species. Indirect benefits of shading are lower transpiration, low surface temperature and evaporation, leaf temperature, and higher water use efficiency, leading to higher yield. The enhanced yield of the agronomic crops could be due to the improved availability of soil carbon and macronutrients, particularly nitrogen and phosphorus, as well as the optimum transmission of PAR to the vegetation beneath the alder canopy compared to areas without canopy cover (Chauhan et al., 2013; Beatty, 1984). Shade-tolerant plants are adapted to use soil nutrients and moisture more efficiently than shade-intolerant crops in low light environments. Photosynthesis serves as the fundamental process underpinning the biomass and yield of crop plants, with any subtle shifts in the photosynthetic rate of a plant mirroring the impact of environmental stressors on its photosynthetic function (Sun et al., 2013).

Demand and supply of photosynthates strongly influence carbon partitioning in a plant. Carbon export to the different sinks including the belowground storage organs is strongly correlated with the rate of photosynthesis in resources non-limiting situations. A higher yield implies that a large portion of the photosynthates has been diverted to the sink (Lemoine et al., 2013). In the case of colocasia, during the corm expansion stage, the sink demand increases and photosynthates are preferentially transferred to the corm instead of above-ground parts. The partition coefficient (ratio of root to crop growth) increases from 0.40 after 90 days of planting (DAP) to 0.77 at 120 DAP during the rapid corm expansion phase (Manrique, 1994). Such strong sink demand for photosynthates in colocasia was supported by the high rate of photosynthesis, higher stomatal conductance, and lower transpiration under a higher supply of soil nitrogen. In yams, the tuber weight began to increase 90 DAP. Partitioning of dry matter to leaves and vines declined by 120 DAP, thereafter, it increased to tubers from 130 days to 210 DAPs (Ravi et al., 2022). Therefore, supply from the source supported by higher rates of photosynthesis, stomatal conductance and high sink demand in the belowground corms and tuber are the major drivers of carbon partitioning.

Crop growth and yield are closely linked with soil nutrient availability especially major nutrients like N, P and K thus influencing the crop growth performance and productivity (DeMalach et al., 2017). Sharangi et al. (2022) and Kittur et al. (2016) reported the increase yield of turmeric is expected with increasing abundance of mineral elements and quality light available under tree canopies. Turmeric exhibited the highest rhizome yield under the tree canopy relative to other crops, owing to its inherent shade tolerance capacity (Chauhan et al., 2013). A combined application of shade and nutrition increased the yield of turmeric to one and half times of open field full sunlight conditions (Padmapriya et al., 2007). Turmeric preferred partial shade for higher production without significant reduction in net photosynthesis, stomatal conductance, and transpiration rate (Dhillon et al., 2009). Alam et al. (2020) witnessed higher net photosynthesis of turmeric (17.40 mmol m−2 s−1) under 50% shade followed by 33% shade (15.30 mmol m−2 s−1) with increased above and below ground biomass production. But too dense canopies might hamper the growth and development of intercrop like turmeric. Sharangi et al. (2022) showed under 80% shade level, leaf area remained significantly lower than 50 and 70% shade levels as development of leaf area was significantly reduced with receipt of sub-optimal solar radiation which ultimately suppresses photosynthesis, growth and leaf formation.

The response of the understorey crops (Turmeric, Colocasia, and EFY) to soil fertility and shading effects was quite variable. Studies indicate that variations in shade tolerance among plant species may influence adaptation to soil nitrogen and its utilization efficiency (Huang et al., 2015; Jin et al., 2023), which may facilitate the coexistence of companion species. Faridah et al. (2017) reported higher tuber formation efficiency in elephant foot yam (Amorphophallus oncophyllus) under the Acacia mangium stand, which had less light penetration than other stands. The productivity of Alocasia macrorrhiza and Colocasia esculenta decreased with high photon flux density in open fields (Sims and Pearcy, 1989). The mean annual productivity of Gamhari was nearly double that of the Alder. However, the total system productivity of the AAFS was more than the GAFS. It may be due to the higher positive influence of Alder on the understorey crops than Gamhari. The system productivity was highest for the Alder + Turmeric system with an annual gross return of USD 4281 per ha.




Conclusion

The long-term effects of the Alder and Gamhari trees on the land use improved the soil’s organic carbon, nitrogen, and phosphorous. The Alder-based systems could increase soil pH up to 5.21, which would play a crucial role in addressing the soil acidity problem as most of the soil in the region has 4.5 soil pH. Attenuated light intensity coupled with better soil fertility in the agroforestry systems induced a strong photo-acclimation response, favourably adjusting leaf and physiological traits in colocasia, elephant foot yam, and turmeric to enhance the rhizome/tuber productivity. The leaf chlorophyll content (SCMR), stomatal size, stomatal frequency, stomatal conductance, and instantaneous water use efficiency of the understorey crops increased while the transpiration rate and stomatal frequency decreased in the agroforestry systems. The findings indicated that the Alder (Alnus nepalensis) trees were more beneficial than Gamhari (Gmelina arborea) in improving the physiological efficiency and productivity of all the understorey crops. The co-cultivation of turmeric with Alder produced maximum system productivity in terms of monetary value (USD 4,281 ha−1 year−1) because of higher rhizome yield and better market price of turmeric. Therefore, the Alder-Turmeric agroforestry system can be leveraged for better soil health management, reducing land degradation, and achieving higher system productivity on the hilly and sloping terrain of the Eastern Himalayas.
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use (kg ha™) (kg ha™)
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s 127 146 217 264,03 286" 2127
LSD (0.05) 003 012 on 1208 L 1685
» 0020 <0.001 <0.001 <0001 <0.001 0.004
15-30cm
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s 136 417 196" 17091 2055° 17142
LSD (0.05) 0.04 009 0.06 1220 132 999
» 0102 <0.001 <0.001 <0001 <0.001 <0001

Values followed by same superscript in a column statistically do not differ significantly (p > 0.05).
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Crop yield (t/ha)

GAFS  AAFS
coL 745 832
EFY 830 880
TUR 1433 16.32

685

670

1335

Gross returns from crops

Wood yield MAI (m~3 ha! year™)

(USD ha)
Gamhari  Alder  Open GAFS  AAFS  TLS
coL 415 250 0.00 coL 1,863 2,081 1,713
EFY 4.01 212 0.00 EFY 2594 2750 2,093
TUR 398 231 0.00 TUR 3,583 4,079 3338

coL
EFY
TUR

Gross returns wood (USD

ha! year)

Gamhari  Alder
363 219
351 186
348 202

Open

0

System productivity (USD

coL
EFY
TUR

ha! year)
GAFS  AAFS
226 230
2915 2936
3931 4281

TLS
1713
2,093

3338

COL, Colocasias EFY, Elephant Foot Yam; TUR, Turmeric; GAFS, Gamhari based AFS; AAFS, Alder based AFS; GAFS, Gamhari based agroforestry system; AAFS, Alder based agroforestry system; TLS, Sole crops in trecless land; MAL Mean annual increment.

Farmgate sale price of Colocasi:

SD 250 t-', EFY = USD 312 ', Turmeric fresh rhizome-

SD 250 t-', Price of wood = USD 87.5 m.
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Stomatal frequency (stomata mm-2) Stomatal index (%) Stomatal size (pm?) Stomatal conductance (gs)
(mmol m~2s7%).

GAFS AAFS TLS Mean GAFS AAFS TLS Mean GAFS AAFS TLS GAFS AAFS TLS Mean
(Us) (us) (Us)
Colocasia 1235 1055 1433 124.1 242 203 265 236 534 654 520 57.0 254.1 330.1 173.1 2524
EFY 1535 1259 175.3 151.6 235 216 284 245 825 102.1 725 85.7 206.2 3025 136.2 2149
“Turmeric 1148 99.0 1282 114.0 17.3 19.2 184 183 153.7 163.0 131.7 149.5 2178 3042 156.8 2262
Mean (T) 1306 110.1 1489 1299 217 204 244 221 96.5 1102 854 974 226 3122 1553 2312
Trees (T) = 149 (p < 0.001) T =149 (p <0.001) T=3.66 (p<0.001) T =480 (p <0.001)
LSD (0.05) Understorey crops (US) = 1.44 (p < 0.001) US = 142 (p < 0.001) US =191 (p<0.001) US =256 (p <0.001)
THUS = 250 (p < 0.001) THUS =247 (p < 0.001) TUS = 332 (p < 0.001) THUS = 4.44 (p < 0.001)

GAFS, Gamhari based agroforestry system; AAFS, Alder based agroforestry system; TLS, Sole cropping in treeless land. ANOVA in a split plot design with trees (T) in main plot (1 = 3) and understorey crops (US) in sub-plots (n = 3) as fixed factors, The means traits
due to main plots, subplot and interaction effects were compared by LSD at 5% level of significance when F-test was significant. Values in the parenthesis represent the “p” values for F-test for the T, US and T#US effects.
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SCMR Leaf thickness (um) Specific leaf weight (mg cm~?)

AAFS TLS Av. GAFS AAFS LS % GAFS AAFS LS Av.

(US) (US)
Colocasia 458 475 03 a5 3675 3522 971 3723 162 501 577 514
EFY 396 52 379 402 247.1 258 287 2438 414 428 487 443
Turmeric 350 390 322 354 2728 2650 2943 2774 423 441 493 452
Mean (T) 40.1 33 368 2958 2843 3134 433 458 519
Trees (T) = 1.13 (p < 0.001) T= 168 (p<0.001) T=0.22(p<0.001)
LD 0.05 Understorey crops (US) = 0.94 (p < 0.001) US = 146 (p < 0.001) US =0.16 (p <0.001)
T#US = 163 (p = 0.006) THUS =2.52 (p <0.001) T#US =028 (p = 0.155)

GAFS, Gamhari based agroforestry system; AAFS, Alder based agroforestry system; TLS, Sole cropping in treeless land. ANOVA in a split plot design with trees (T) in main plot (1 = 3) and
anderstorey crops (US) in sub-plots (n = 3) s fixed factors. The means trats due to main plots, subplot and interaction effects were compared by LSD at 5% level of significance when F-test
was significant. Values in the parenthesis represent the “p” values for F-test for the T, US and T#US effects.
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Colocasi EFY Turmer
b 01514 01710 0410
SE(b) 0.063 0.1320 0.104
SCMR, SPAD chlorophyll meter reading prvalue 0032 02170 0002
b ~0018 ~00553 ~00534
SE (b) 00139 00531 00341
LT, leaf thickness (ym) pvalue 0217 03160 0142
b 0518 ~2.004 -1.820
SE(b) 0502 0.7050 1190
SLW, specific leaf weight (mg cm ) prvalue 0321 00140 0.1490
b ~00381 ~00419 ~0.1026
SE (b) 00142 00117 0.0248
SF, stomatal frequency (stomata mm-?) prvalue 0019 00030 0.001
b ~0.1418 ~0.1963 0079
SE(b) 00722 00872 0.296
SI, stomatal index (%) pralue 0071 0042 0793
b 00884 00564 0.0885
SE(b) 00334 00217 00228
$8, stomatal size () prvalue 0002 0022 0002
b 000934 001207 002015
SC, stomatal conductance (gs) SE(b) 0.00344 0.00358 0.00503
(mmol m™s7) pralue 0018 0.005 0.001
b ~2304 -379 -613
SE(b) 0.869 143 14
TR, transpiration rate (mmolm?s”') prvalue 002 002 0.001
b 02829 03509 04042
SE(b) 00156 0.0894 00345
PR, photosynthetic rate (ymol m™s™') prvalue 0 0.002 0
b ~00877 ~00835 ~0174
SE(b) 0.0882 00903 0.136
Lum, leaf surface temp. (°C) prvalue 0338 0372 0222
b ~00374 ~00053 -00285
SE(b) 00114 00205 00127
Ci, intercellular CO, (ppm) prvalue 0.006 0799 0043
b 0.2981 0347 0564
SE(b) 0.0944 0.168 o7
iWUE, instantaneous Water use efficiency prvalue 0.008 006 0

The relationship between physiological traits and yield of understorey crops derived by regressing yields on physiological traits of understorey crops (Figrc . Significance of the deviation of
regression coeficients (b) from 7ero was tested by f-test at 13 (1 - 2) degrees o freedom. Regression coefficients (b) with p < 0.05 were considered to be statstically significantly influencing the
yield of understorey crops.





OPS/images/fsufs-09-1494371-t004.jpg
TR (mmolm=2s~) PR (pmol m2s7) Ltm (°C)

GAFS AAFS TLS GAFS AAFS TLS AAFS LS
Colocasia 244 205 266 238 22 2623 207 23.04 2783 2493 2877 27.18 187.37 18093 20370 190.67
EFY 208 174 218 2,00 18.1 2083 185 19.14 286 27 2987 28.49 2417 2365 237.83 23283
Turmeric 221 190 240 217 176 2197 14.92 18.16 3013 2883 323 3042 26147 21083 26383 245.38
Mean (T) 224 19 241 193 201 18.04 2886 2692 3031 22433 20942 2512
“Trees (T) = 0.017 (p < 0.001) T=0.28(p<0.001) T=331(p=0.112) T=1352(p=0.007)
LD (0.05) Understorey crops (US) = 0.021 (p < 0.001) US=0.25 (p < 0.001) US = 1.76 (p = 0.003) US = 1461 (p <0.001)
T#US = 0.036 (p < 0.001) THUS = 0.4 (p <0.001) T#US = NS (p=0932) THUS =25.30 (p = 0.013)

GAFS, Gamhari based agroforestry system; AAFS, Alder based agroforestry system; TLS, Sole cropping in treeless land; TR, transpiration rate; PR, photosynthetic rate, LT, leaf temperature; Ci, leaf intercellular CO,concentration. ANOVA in a split plot design with
trees (T) in main plot (1 = 3) and understorey crops (US) i sub-plots ( = 3)as fixed factors. The means traits due to main plots, subplot and interaction effects were compared by LSD at 5% level of significance when F-test was significant. Values in the parenthesis

represent the “p” values for F-test for the T, US and T*US effects.





