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Implications of Foliar Particulate Matter Deposition on the Physiology and Nutrient Allocation of Dominant Perennial Species of the Indo-Gangetic Plains
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The ramifications of different concentrations of foliar particulate matter on the physiology, nutrient stoichiometry, allocation pattern, and their corresponding re-translocation rates were investigated for evergreen (Mangifera indica and Psidium guajava), semi-evergreen (Ficus religiosa and Azadirachta indica), and deciduous (Dalbergia sissoo) tree species in a simulation experiment over an exposure period of 2 years. Physiological parameters (Pn, gs, Ci, E, and WUE), nutrient stoichiometry (C: N) in different plant parts, and their allocation pattern for five macro- (C, N, K, Mg, Ca) and five (Zn, Ni, Mn, Cu, Fe) micro-elements at two different concentrations of particulate matter (ambient and elevated) with respect to control (no particulate load) were assessed. Significant differences in nutrient concentrations and their re-translocation rates were observed between the treatments in evergreen species compared to deciduous species. The photosynthetic rate significantly declined with an increase in foliar deposition of particulate matter. Higher variations in C, N, K, Mg, and Zn levels were found compared to other elements under particulate matter stress and the ratio of C/N showed a slight decline in mature leaves except in deciduous tree species. The nutrient stoichiometry revealed that the deciduous species were more tolerant whereas the re-translocation efficiency was maximum for the semi-evergreen tree species. The nutrient allocation was found greater in foliage compared to branch in evergreen and was opposite in semi-evergreen and deciduous tree species. The element re-translocation rate indicated an inconsistent behavior in nutrient recycling under the particulate matter load depending upon the tree species. The study entrenched a critical change in nutrient re-translocation and allocation pattern under the particulate stress in different parts of the tree, suggesting a novel approach for screening the tree species for sustainable plantation and planning of urban areas.
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INTRODUCTION

The occurrence of particulate matter (PM) is ubiquitous in the tropospheric layer exerting an adverse impact on the climate and environment around the world. At the local level, PM can intensify the effects of greenhouse gases by scattering or absorbing incoming solar radiation that emitted back from the surface of the earth, thereby contributing to the global climate change (Buseck and Pósfai, 1999). Reduction in the concentration of PM particularly PM2.5 is of utmost importance as it has been reported to severely affect human health and the environment (Mukherjee and Agrawal, 2017). In urban areas, vehicles and industries are major anthropogenic sources of particulate emissions, despite their identification, halting these sources is neither economically feasible nor functionally possible. One of the best natural methods for the curtailment of PM is to increase urban greening which will provide a surface for the adherence of PM (Escobedo and Nowak, 2009). Adverse effects of PM have already been established on human health (Anderson et al., 2012; Patra et al., 2016; Hassan et al., 2021), but impacts on the plants especially trees, which are extensively used for the mitigation of PM, are still unexplored. Most of the studies relating PM with tree species either provide insight into their capture potential (Chen et al., 2017) depending upon their leaf characteristics (micromorphology, orientation, etc.) (Liu et al., 2018) or screen them as tolerant or sensitive based on their air pollution tolerance index (APTI) and related parameters (pH, relative water content, ascorbic acid, and total chlorophyll) (Sgrigna et al., 2020; Zhang et al., 2020).

PM deposition on the foliage of trees imposes its adverse impacts primarily through the clogging of the stomatal aperture thereby increasing leaf temperature which in turn affects the overall development of the plant (Popek et al., 2018). The layer of PM covering the foliage affects the foliar physiology by acting as a screen between the surface of the leaf and its ambiance. Thereby, blocking the environmental cues. In similar ways, it also hampers the amount of PAR received by the foliage (Mina et al., 2018). There are studies focusing on the nutrient status of plants subjected to various air pollutants (Cao et al., 2016; Shi et al., 2016b; Braun et al., 2020; Piao et al., 2020), but none of the studies have focused on the nutrient-related parameters of the trees under PM stress. For assessing the nutrient status of a plant, it is important to determine the nutrient allocation pattern, along with the determination of nutrient stoichiometry, and ultimately establish the nutrient re-translocation efficiency (NURE) under the applied stress. The allocation of nutrients in plant parts is indicative of plant resource uptake and utilization (Zhao et al., 2020). Leaf stoichiometry is an important determinant of plant composition and nutrient limitation over a period of time (Lanuza et al., 2019). One of the most essential processes to trace nutrient dynamics of tree species is analyzing the NURE. It refers to the quantity of nutrients reabsorbed from the organs of the plant which are showing signs/symptoms of senescence and utilized in the development of new plant parts (Shi et al., 2017).

The present study assesses the nutrient status and unravels the details of nutrient allocation of the dominant tree species employed for urban plantation in the Indo-Gangetic plains under a gradient of PM as a stress factor.



MATERIALS AND METHODS


Experimental Details

The simulation experiment was performed for 2 consecutive years from November 2019 to November 2021 at the Botanical Garden of Banaras Hindu University, Varanasi, Uttar Pradesh, India. The 25° 81_N and 83° 1_E represent the coordinates of the experimental site situated on the eastern Gangetic plains of India. The details of the experimental setup show field dimensions along with the distance between individual tree species (Figure 1). The field design was a split plot with random plantation of tree species and treatment strategy.
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FIGURE 1. Representation of experimental setup: (A) the experimental field with test plant, (B) schematic representation of the field. The design is a split plot with a random plantation. The abbreviations for treatments are: C, control PM; A, ambient PM; and E, elevated PM.




Meteorological Parameters

The meteorological data including daily maximum and minimum temperature, total rainfall, and relative humidity, for the experimental period were obtained from the Indian Meteorological Division (IMD) of Banaras Hindu University, Varanasi, India. The mean maximum temperature recorded from November 2019 to November 2021 was 39.72°C in April 2021, while the mean minimum temperature was 9.66°C in January 2021 (Figure 2). The highest temperature was recorded to be 45.9°C on May 27, 2020, and the lowest to be 4.6°C on January 31, 2021. Mean relative humidity (RH) for the study period ranged from 51.10 to 91.03%. Maximum total rainfall was recorded to be 366.9 mm in June 2020.
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FIGURE 2. Variations in daily temperature (°C), relative humidity (%), and total rainfall (mm) during the experimental period.




Plant Material and Experimental Setup

Dominant trees of the Indo-Gangetic plains belonging to different functional types (evergreen and deciduous) with different leaf forms (simple and compound) (Table 1) were subjected to two different loads of PM viz. ambient (APM) and elevated (EPM) with a parallel control (CPM) setup according to the species-specific capture potential of the PM. The present study focused on the nutrient allocation pattern and stoichiometry of different plant parts and re-translocation efficiency of the studied elements in various tree functional types (two evergreen, two semi-evergreen, and one deciduous tree species). One-year-old saplings were purchased from the Horticulture Department of Banaras Hindu University, Varanasi, and were transplanted in the field of dimension 45 × 50 sq. ft. randomly optimizing the distance between the two saplings. A controlled release formulation was applied to the field soil for fertilization containing 13.4% organic carbon, 1.61% nitrogen, 1.02% phosphorus, 0.73% potassium, 7.61% calcium, 0.568% magnesium, 0.158% sodium, 0.110% zinc, and 0.0048% copper. Tap water was used for maintaining the optimum irrigation during the experimental period.


TABLE 1. The details of the trees under study.
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The PM for simulating the stress condition in the experiment was collected passively from the foliage of the trees in commercial area. The PM adhered on the leaves was washed with distilled water and the water was evaporated on a hot plate (80°C). The PM collected was used for the simulation experiment. The species-specific ambient load was determined using the methodology for deposition determination by Singh et al., 2021 mentioned in Table 2. Dust simulation was manually done with the help of a sprinkler (which was standardized according to its pore size, i.e., the PM expelled from it was quantified and the dose was given accordingly) using water as a surfactant for the adherence of dust on the leaf surface of each plant and the dusting was repeated after every 30 days interval. The EPM was double that of APM and was simulated similarly to APM.


TABLE 2. Species-specific PM load was applied during the experimental period.
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Plant Sampling and Analysis

Nine plants of each species were assessed for physiological and nutrient analyses. Nine replicates of each species were considered for physiological measurement, that is, net photosynthesis (Pn), stomatal conductance (gs), internal CO2 concentration (Ci), and transpiration (E) using LICOR photosynthetic system (Model 6200, LICOR, Lincoln, United States). Water Use Efficiency (WUE) was calculated as the ratio of photosynthetic rate to the rate of transpiration. The instrument was calibrated with a known source of CO2 (509 ppm) before recording the measurements on a clear sky day. The data collection for the photosynthetic parameters was done between 8:00 and 10:00 h. This was collected from a fully expanded leaf, fourth from the top of the secondary branch of each treatment. The photosynthetically active radiation ranged between 1,100 and 1,200 μmol m–2 s–1.

The sampling for assessment of nutrient-related parameters was done at the end of the study period. The samples were collected in December 2021 after an exposure period of 2 years. Three mature leaves, senesced leaves, and branch samples from each treatment were randomly collected. The fresh leaves and branches were oven-dried at 70°C to constant weight. The dried samples were grounded in an automatic grinder and passed through a 0.15 mm sieve. The determination of C and N was done by an automatic CHNS analyzer (Euro EA Elemental Analyzer, EURO VECTOR Instruments). Apart from these, K, Mg, Ca, Zn, Ni, Mn, Cu, and Fe were quantified by atomic absorption spectrometer (Model Analyst 800, Perkin-Elmer and Norwalk, United States.) after digesting air-dried plant samples (0.1 g) in 10 mL di-acid (nitric acid:perchloric acid = 9:4) for total metal content (Gaidajis, 2003).

Repeated analyses of samples were conducted against the National Institute of Standards and Technology Standard Reference Material (NBS SRM-1570) for all the metals except C and N for which sulphanilamide OAS [Euro Vector S.r.l., Via F.lli Cuzio, Pavia (PV), Italy] was used to ensure the precision and accuracy of the analysis. To re-calibrate the instrument, blank and drift standards (Sisco Research Laboratories Pvt. Ltd., India) were run after every five sample runs. The results were found to be within 2% of the certified value. For different determinations and precision of analysis, the coefficients of variance of replicate analysis were determined. The variances were found to be fewer than 10%.

The relevant calculations for the determination of nutrient reabsorption efficiency (NURE) were done following the formula of Aerts (1996):
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Statistical Analysis

The statistical analyses of the experimental data were performed by the IBM SPSS (Statistics 21.0) software. Data were first cohered for normality using the Shapiro–Wilk test and homogeneity of variance by Levene’s test. After meeting this analysis, the data were interpreted for analysis of variance (ANOVA), the difference among the means of different treatments with the same species and the variations among the means of different trees within the same treatments for each species were assessed via one-way ANOVA and least significant difference (LSD) post-hoc test, respectively. F-ratios were determined for various nutrients in the considered tree species, and treatment and parts by three-way ANOVA. The F-ratios for the other parameters apart from the nutrients were determined for tree species and treatment by two-way ANOVA. A significance level of 0.05 was the basis of statistical significance. The correlation coefficients were plotted using R 4.1.2 (R Core Development Team, 2021).




RESULTS


Physiological Parameters

The applied PM load significantly reduced the assimilative rate in all the species under the study (Figure 3). The evergreen trees with simple leaves showed a greater reduction between treatments which was highest in M. indica, that is, 36.69% in APM and 49.55% in EPM, and lowest in P. guajava, which was 7.93% in APM and 22.40% in EPM. It was reduced by 10.35% in APM and 18.14% in EPM of A. indica which is semi-evergreen with compound leaves, while it was reduced by 23.86% in APM and 52.60% in EPM in D. sissoo, which is a deciduous tree with compound leaves. ANOVA test showed that both the treatments significantly affected all the physiological parameters of all the tree species individually and in combination (Table 3).
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FIGURE 3. The photosynthetic parameters of different tree species under different PM treatments. Different letters in uppercase indicate a significant difference between PM treatments for different tree species (p < 0.05) and different lowercase letters indicate a significant difference between the treatments of a species (p < 0.05).



TABLE 3. F-ratios and level of significance of two-way ANOVA test for various parameters of the test tress species.
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An inconsistency was observed in the gs of the studied species (Figure 3). A significant reduction in the gs was found in M. indica with 54.75% in APM and 69.52% in EPM. Similarly, F. religiosa showed a decline of 48.15% in APM and 56.77% in EPM. An exception was observed for P. guajava which showed a significant increase in gs of 38.48% in APM and 15.31% in EPM. A. indica followed a similar increase in gs as of P. guajava whereas D. sissoo showed an insignificant decline.

The Ci concentration was found to decline remarkably in simple leaf species with an exception in P. guajava where an increase in Ci of 176.36% in APM and 210.84% in EPM was found (Figure 3). A. indica with compound leaf comparably showed less reduction in Ci of 4.30% in APM and 24.79% in EPM. D. sissoo displayed the maximum increase in Ci of 412.66% in APM and 622.03% in EPM treatments.

EPM decreased maximally in M. indica by 42.60% in APM and 55.88% in EPM and least in D. sissoo which was 11.45% in APM and 20.69% in EPM (Figure 3). P. guajava and A. indica showed an increase in transpiration rate of 37.15% and 6.96% in APM and 44.15% and 11.32% in EPM, respectively.

The WUE increased in M. indica and F. religiosa whereas decreased in P. guajava, A. indica, and D. sissoo (Figure 3). The increase was maximum in M. indica (22.83% in APM and 38.40% in EPM) while the reduction was maximum in D. sissoo (9.35% in APM and 10.56% in EPM).



Allocation Pattern Under Particulate Matter Stress

It was observed that the nutrients considered follow two different patterns of allocation and re-translocation: (i) macroelements and (ii) microelements. Macroelements were further studied under two major divisions: phloem immobile elements (water in-soluble) and phloem mobile (water soluble) elements. Carbon is described separately as it follows both immobile and mobile behaviors. Phloem immobile elements are manganese (Mn) and calcium (Ca) and mobile elements are nitrogen (N), potassium (K), and magnesium (Mg). The micronutrients include copper (Cu), zinc (Zn), iron (Fe), and nickel (Ni).



In Mature Leaves

The phloem immobile elements namely Mn and Ca showed a similar trend for the mature leaves (Figure 4). They displayed an increase in APM which ranged between 13.3 and 31.0% for Mn and 1.6% and 6.6% for Ca. The increase was maximum in A. indica for Mn and D. sissoo for Ca. A decrease was observed in the allocation under EPM which ranged between 8.3 and 64.8% for Mn and 9.2% and 51.8% for Ca. The decrease was maximum in M. indica for Mn and A. indica for Ca. For the phloem mobile elements, namely N, K, and Mg, an increase was observed in APM which ranged between 23.2 and 69.3%. The increase was minimum for N in A. indica and maximum for Mg in M. indica. EPM showed an inconsistent trend where a reduction (11.1–19.9%) was found in F. religiosa, A. indica, and D. sissoo for N, in F. religiosa for K, and in D. sissoo for Mg, whereas all others showed increases. The allocation of C displayed a marked decline with increasing PM load (Figure 4). It decreased between 0.5 and 15.5% under APM and 1.7% and 20.5% under EPM with an exception of P. guajava, where an increase of 26% was observed in both the treatments.
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FIGURE 4. The nutrient allocation pattern of different tree species under different PM treatments. Different lowercase letters indicate a significant difference between the treatments within species (p < 0.05). BR, branch; SL, senesced leaf; ML, mature leaf.


The microelements Cu, Zn, Ni, and Fe, showed a consistent increase in the allocation pattern which ranged between 10.7 and 90% (Figure 4). This was highest in M. indica for Ni and lowest in A. indica for Zn. The EPM showed a marked decline in most of the microelements which ranged from 1 to 75.5% and was maximum in M. indica and minimum in F. religiosa for Ni.



In Senesced Leaves

The immobile elements showed an increase under APM ranging between 19 and 95.9% being minimum in P. guajava for Mn and M. indica for Ca (Figure 4). Under EPM, there was a marked increase in all except F. religiosa for both Mn and Ca and D. sissoo for Mn. The increase under EPM ranged between 6.3% in D. sissoo for Ca and 304.6% in M. indica for Mn. For the allocation of carbon, no definite trend was found under both the treatments. Carbon allocation increased in F. religiosa and D. sissoo under APM while decreased in all other tree species. Under EPM treatment, an increase was observed in C allocation from 1.5 to 43.6% except in M. indica where the allocation decreased by 5.3%.

The phloem mobile elements showed an increase in allocation pattern under APM which ranged between 10.2 and 68.8% (Figure 4). It was highest in D. sissoo for Mg and lowest in P. guajava for K. Under EPM, an increase was observed in all species for N whereas others showed a marked decline ranging between 1.9 and 70%, being maximum in A. indica for Mg and minimum for P. guajava for K. F. religiosa was an exception for K and D. sissoo for Mg which showed increment under EPM. For microelements, an increase was found under APM which ranged between 6.5 and 80% (Figure 4). It was found to be maximum in M. indica and minimum in F. religiosa for Ni. Under EPM, a reduction was observed in most microelements which ranged from 4.76 to 73.9% being highest in A. indica for Cu and lowest for Zn.



In Branches

The allocation pattern of the immobile elements consistently increased in all species under APM ranging from 18.9 to 96% and the increase was maximum in M. indica for Ca and minimum for Mn (Figure 4). Under EPM, most of the species showed an increase in allocation which ranged between 8.3 and 34% except Mn in M. indica and P. guajava and Ca in F. religiosa.

All phloem mobile elements under APM showed an increased allocation ranging between 2.7 and 38% (Figure 4). It was highest in D. sissoo for N and lowest in F. religiosa for Mg. Both increase and decrease in allocation were observed under EPM (Figure 4). The increase ranged between 1.4 and 80% which was maximum in P. guajava for K and minimum in F. religiosa for N. The decline ranged between 1.2 and 70.2% being highest for A. indica for K and lowest for N.

The microelements showed an increment in all the species under APM with a range of 2.3% to 60%, where A. indica for Cu showed a maximum increase, while the same showed a minimum for Zn. Most of the species under EPM showed an increase ranging between 1.3 and 182.4% and was maximum for Zn in D. sissoo and minimum for Fe in A. indica.



Nutrient Re-translocation Efficiency Under the Particulate Matter Stress

Among the 10 nutrients under consideration, 4 showed a consistent positive re-translocation (C, N, K, Mg) while 6 were negatively re-translocated (Ca, Fe, Cu, Mn, Ni, Zn) under the PM stress (Figure 5). The phloem immobile elements possessed negative NURE which decreased with the PM load for both Ca and Mn. Among the mobile elements, K showed an increase in NURE in all whereas Mg showed a marked decline with increasing PM load (Figure 5). A decrease in NURE with PM load was found for A. indica and D. sissoo while others showed a significant increase for N. For C, NURE showed a positive value which decreased with increasing PM load except in P. guajava and D. sissoo where the value increased in PM-treated plants.
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FIGURE 5. The nutrient re-translocation efficiency of different tree species under different PM treatments. Different letters in uppercase indicate a significant difference between PM treatments for different trees (p < 0.05) and different lowercase letters indicate a significant difference between the treatment with species (p < 0.05).


Among the microelements, Cu and Ni showed negative NURE which decreased with increasing PM for all except F. religiosa. Zn also showed negative NURE for all the species but the allocation was significantly increased with PM load. Fe showed positive NURE for all except A. indica, where the PM-treated species showed significantly negative NURE.

All the trees consistently showed positive NURE for C which decreased with PM load in M. indica, F. religiosa, and A. indica whereas increased in P. guajava and D. sissoo. ANOVA test showed that the treatments significantly affected the nutrients in all species except for Fe where the effect was non-significant (Table 4).


TABLE 4. F-ratios and level of significance of three-way ANOVA test for various nutrients of the test tree species.
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Nutrient Stoichiometry Under the Particulate Matter Stress

Nutrient stoichiometry between C and N was analyzed between different parts of the species under study (Figure 6). In mature leaves, an inconsistency was observed among the trees for C:N ratio. It significantly increased in D. sissoo whereas a decrease was found in M. indica and A. indica. In the senesced leaves, a significant decrease was observed in M. indica and A. indica whereas all others remained unaffected. No differences were found between the C:N ratio of branches in all the tree species under PM treatments.
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FIGURE 6. The nutrient stoichiometry of C and N for different tree species under different PM treatments. Different letters in uppercase indicate a significant difference between PM treatments for different trees (p < 0.05) and different lowercase letters indicate a significant difference between the treatment with species (p < 0.05).




Principal Component Analysis

The PCA conducted for parameters under study showed 86.17% of total variance, explained by six PCs (Figure 7). In the course of experiment, the primary component (PC1, eigen value = 6.350, variance = 25.40%) established C, N, NURE-C, and NURE-N as dominant variables. PC2 (eigen value = 5.543, variance = 22.17%) showed Ca, Pn, gs, and E with higher loading values whereas PC3 (eigen value = 4.220, variance = 16.88%) unveiled Ni, Cu, NURE-Cu, NURE-Mn, and NURE-Ni as the variables with higher loading. PC4 (eigen value = 2.520, variance = 10.08%) showed K, Ca, Zn, NURE-K, NURE-Ca, and NURE-Zn as the higher loading variables. PC5 (eigen value = 1.535, variance = 6.14%) demonstrated Mg, Ci, WUE, and NURE-Mg as the dominant variables, while Fe, NURE-Fe, and NURE-Mn found to be loaded maximally on PC6 (eigen value = 1.374, variance = 5.49%).
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FIGURE 7. Heat map of six principal components (PCs) showing respective loadings of the parameters during the experimental period.





DISCUSSION

The amount of nutrients required to be re-translocated and the rate of re-translocation is influenced by plant species, mobility of nutrients, and environmental stress conditions (Hagen-Thorn et al., 2004). PM deposition on the foliage of tree species varying in their functional types (evergreen or deciduous) and its consequences on nutrient status, nutrient allocation, and nutrient re-translocation efficiency were investigated in the present study. The physiological performance is assessed in terms of the plant’s photosynthetic capacity. In the present study, Pn showed a marked decline in all the tree species under both APM and EPM and the decrease was more pronounced in EPM. In terms of gs, a significant decrease was observed in M. indica and F. religiosa whereas an increase was observed in P. guajava which can be attributed to its hypostomatic condition as reported in the study of Shiva et al. (2017). A drop in Ci was observed for M. indica, F. religiosa, and A. indica while P. guajava and D. sissoo showed a significant increase which can be attributed to their corresponding stomatal behavior as previously reported by Jaiswal et al. (2021). A significant reduction was observed in EPM for all the tree species except P. guajava and D. sissoo which is also supported by the corresponding change in gs as previously reported in the study of Mahmood et al. (2016). WUE is in line with the E of the studied tree species where a marked increase was observed in WUE with a decrease in EPM.

In the plants, nutrients are required for maintaining the redox balance and changes caused in them due to stress conditions may lead to an unfavorable milieu in the plants (Tripathi et al., 2018). It is already established that the factors promoting plant growth will positively affect the re-translocation efficiency and vice versa (Nambiar and Fife, 1991). The results of this revealed distinct patterns of nutrient allocation and re-translocation in trees belonging to different functional types. The phloem-immobile elements, namely, Ca and Mn, primarily remain in senesced leaves leading to their deficiencies in mature leaves thereby anticipating negative values on reabsorption rates (Shi et al., 2016a). This is in line with our study where Ca displayed a continuous accumulation in senesced leaves and a negative NURE while the accumulation of Mn was found to be greater in the branches to prevent its phytotoxic impacts in mature leaves (Farahat and Linderholm, 2015). Due to the oxidative stress induced in tree species under PM treatment, it required Mn for the increased function of Superoxide Dismutase (SOD) (Alscher et al., 2002) which is the sole reason for its enhancement in treated plants.

The pattern of re-translocation observed for water-soluble elements N, K, and Mg that are phloem-mobile and should be re-translocated from old to younger leaves anticipates a positive value on reabsorption rate (Maillard et al., 2015). This is consistent with our study, where N, K, and Mg were found to be readily translocated from senesced to mature leaves and thereby anticipated positive values on the reabsorption rates of all the species. In spite of positive NURE, the efficiency was greater for PM-stressed plants in M. indica, P. guajava, and F. religiosa compared to CPM. The increase in NURE of N might be due to increased proteolysis under applied stress which would in turn increase the availability of N for re-translocation to actively growing parts of the trees (Temple and Riechers, 1995). In general, Pn is correlated with the N concentration which is displayed by A. indica and D. sissoo (Poorter and Evans, 1998). The major function of K in plants is its involvement in osmoregulation. It can be inferred from the study that PM-induced osmotic stress imposed an increase in K concentration as observed consistently in the PM-treated tree species compared to CPM, thereby favoring physiological processes important for the plants (Hsiao and Läuchli, 1986). It can also be correlated with the transpiration and WUE which decreased in the subsequent PM treatment where K concentration increased (Läuchli, 1984). Hence, the plants water economy depends on the K status of plants (Hsiao and Läuchli, 1986) and retards water loss through transpiration. Mg invariably decreases with an increase in PM load which can be attributed to the antagonistic effect of K over Mg (Ohno and Grunes, 1985). K and Mg exhibited functional synergism in various metabolic processes and Mg can partially replace K in some functions (Xie et al., 2021). Both are found to be negatively correlated in the present study (Figure 8).
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FIGURE 8. Correlation between the nutrients under study in mature leaves subjected to different treatments of PM- (A) M. indica, (B) P. guajava, (C) F. religiosa, (D) A. indica, (E) D. sissoo. Blue-large dots showed maximum positive correlation and red-large dots showed maximum negative correlation with a gradient of color and size showing in between correlation values.


The micronutrients considered in this study showed negative NURE because of their low mobility and phytotoxic behavior (Farahat and Linderholm, 2015) except Fe. In spite of their negative NURE, Cu and Zn along with Fe (showed positive NURE) showed lesser accumulation in senesced leaves under increasing PM load which might be due to the oxidative stress induced by PM which in turn increased the activity of different groups of SOD, namely, Fe SOD and Cu/Zn SOD (Alscher et al., 2002), which are common elements required for the functioning of SOD. Fe SOD is mainly located in chloroplast and Cu/Zn SOD in the cytosol, chloroplasts, and peroxisomes. The concentrations of Fe, Cu, and Zn were found to decrease in senesced leaves as they are required for the enhanced activity of SOD under PM-induced oxidative stress. Another micronutrient Ni showed negative NURE which might be an effort to protect the tree species from the phytotoxic effect of Ni (Farahat and Linderholm, 2015).

The carbon showed differential allocation and NURE patterns. In M. indica, F. religiosa, and A. indica, the NURE decreased with an increase in PM load which can be correlated with a decrease in gs, which in turn reduces the atmospheric uptake of carbon (Sulman et al., 2016). In P. guajava and D. sissoo, an increase in NURE was observed with increasing PM concentration which might be due to their hypostomatic leaf, thereby facilitating the uptake of carbon which is reflected in the insignificant changes in gs.

The re-translocation efficiency was found to be affected more in evergreen trees with increasing PM load compared to semi-evergreen or deciduous tree species under study. The evergreen trees have a simple leaf type which provided greater surface area for the adherence of PM. Thus, the higher the loading of PM, the greater the impact observed. To meet their higher demand for assimilating translocation, evergreen trees with longer leaf lifespan need to invest more in phloem loading and export apparatus (Bazzaz and Grace, 1997; Givnish, 2002). Thereby increasing the allocation of nutrients more to branches than in leaves as seen in our study. On the contrary, deciduous trees evolved with a short leaf lifespan allocate more nutrients to the leaf as they have a requirement to maximize their photosynthetic activity to utilize the light accessibility during the shorter growing period (Yan et al., 2016). This is in line with the results obtained in our study. Based on the correlation between different elements, it is inferred that the evergreen trees showed more correlation among studied elements compared to the deciduous trees, whereas most of the elements displayed a non-correlating relationship in semi-evergreen tree species (Figure 8). The uptake of nutrients depends on the specific transporter present on the plasma membrane of the cells (Barzana et al., 2021). The differences in the correlation pattern of nutrients observed in the present study might be due to the change in nutrient transporters (number or nature) under the applied stress of PM.

Our results suggest that both APM and EPM imposed significant impacts on the nutrient status of the tree species. About the evergreen tree species, Psidium guajava is relatively more tolerant under the applied stress. In the semi-evergreen tree species, F. religiosa showed a better response and can be considered efficient in enduring the PM stress. Among all the studied species, F. religiosa is marked as an efficient remobilizer due to its ability to remobilize 7 nutrients efficiently out of the studied 10 nutrients with decreasing NURE for most of the nutrients under increasing PM load. Thus, P. guajava and F. religiosa, owing to their better tolerance, can be used extensively for plantation and green belt development in and around urban areas.
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