


[bookmark: _Hlk204937397][bookmark: _Hlk204325406]Antioxidant system in species assemblages: species- and stress-specific effects of abiotic stress in secondary meadows of the Caucasus Mountains


ABSTRACT

Plant fitness relies on metabolic adaptability to abiotic stress, in which the antioxidant system plays a crucial role. This system is intensively studied, yet our existing knowledge of the matter is almost entirely derived from experiments at molecular and species levels, whilst studies on multiple species assemblages under a range of abiotic stressors are exceedingly rare. Therefore, here we ask: how does the plant antioxidant system behave at the community scale? We know that although plants experience the same stressor, their metabolic responses can differ substantially, while certain antioxidant metabolites may be associated with specific stress types. We hypothesized that the majority of the forb species in a hay meadow assemblage produce similar antioxidant responses specific to a given abiotic stress, while species-specific effects contribute little to the behavior of the antioxidant system at the community scale. We measured 12 key metabolites in 13 forb species co-occurring at three climatically distinct locations. Using ordination and cluster analyses, we evaluated response patterns. Combining a core set of common forb species with a suite of metabolites across three climatically distinct locations in one study enabled us to show that the majority of the forb species produced similar antioxidant responses specific to a given abiotic stress, thus overriding the species-specific differences. We conclude that a stress-specific pattern prevailed in the subset of forb species representing traditionally managed hay meadows, as predicted by our hypothesis. 

Keywords: antioxidants, environmental stress, forbs, multivariate analysis, plant community, stress-tolerance


1.INTRODUCTION

The ability of a plant to survive, grow, and reproduce largely depends on the capacity of its metabolism to respond to the diverse abiotic stresses characteristic of its environment (Lamalakshmi et al. 2017; Shanker et al. 2022; Du et al. 2024). A key protective biochemical mechanism is the antioxidant system, which includes low-molecular-weight organic compounds and enzymes of varied chemical nature. These comprise pigments, amino acids, vitamins, proteins, soluble carbohydrates, catalase, peroxidase, and others (Laxa et al. 2019; Iqbal et al. 2020). Abiotic stress most commonly arises from non-optimal temperatures and their pronounced daily fluctuations, high ultraviolet radiation, and water deficits (Larcher et al. 2010; Fraire-Velázquez and Balderas-Hernández 2013). These stressors trigger the formation of reactive oxygen species in plant tissues, resulting in oxidative stress and metabolic disruption via free radical production (Dumanović et al. 2021). Plants counteract these effects through their antioxidant system (Murai et al. 2015; Rodríguez-Hernández 2019), making its activity a valuable indicator of adaptation to stress (Hashim et al. 2020). The antioxidant system has been extensively studied (for reviews see Arora et al. 2002; Navrot et al. 2007; Laxa et al. 2019). The core findings are that ascorbic acid increases under heat stress, carotenoids and soluble sugars under frost, and anthocyanins and tocopherols under stress caused by UV radiation. Yet, many species also exhibit distinct responses to the same abiotic stress: there are species that seemingly activate different parts of the antioxidant system in response to the same abiotic stress type (Badridze et al. 2023; 2024).
However, this ecophysiological knowledge is almost entirely obtained from work at the molecular and species levels, whilst studies at the community scale — on species assemblages under a range of abiotic stressors — are exceedingly rare (to our knowledge, nonexistent). This gap likely reflects the considerable challenges such investigations entail. First, species composition along ecological gradients varies sharply across locations (Becker et al. 2007; Körner 2024), limiting the number of taxa that can be studied under consistent stress regimes. Second, such studies require metabolite-level laboratory analyses for each plant species, resulting in a prohibitive number of assays when many taxa are involved. Third, plant material must be collected from the field with specimens in optimal physiological condition, necessitating multiple site visits and often leading to incomplete datasets when some species or metabolites cannot be sampled consistently. 
To sum up, existing knowledge suggests that certain metabolic responses may be primarily stress-specific, while others are species-specific. Stress-specific responses can manifest similarly in an assemblage of multiple species exposed to the same type of stress, overriding interspecific variation. Species-specific responses may be observed when different species within an assemblage increase different antioxidants in response to the same abiotic stressor. However, these representations remain experimentally untested, and the extent to which metabolic adjustments to abiotic stress are mainly stress- or species-specific within plant communities remains poorly understood. To address these challenges, we selected a moderate number of common herbaceous species (forbs) growing in climatically distinct locations across the Greater and Lesser Caucasus Mountains. All sites represented the same plant community type: semi-natural hay meadows, distinguished by high diversity of forb species. The consistent land use facilitated the presence of numerous shared species across locations despite climatic differences, enabling the selection of target taxa. Ultimately, we assessed 13 forb species (Table 1) at three distinct sites — Bakuriani, Tskhratskaro and Sno (Fig. 1). To examine their metabolic responses to differing abiotic stressors, we focused on 12 widely studied compounds and enzymes with established antioxidative roles (Table 1). In particular, we tested the hypothesis that the majority of forb species in a hay meadow assemblage produce similar antioxidant responses specific to a given abiotic stress. An alternative hypothesis was that antioxidant responses are species-specific and blur the expected stress-specific responses across species. To test these hypotheses, antioxidants were quantified in each species at all three sites of co-occurrence, and the resulting data were examined using multivariate statistical approaches, including ordination and cluster analysis. 

2. MATERIALS AND METHODS
2.1 Study locations and target species 

Plant material was collected from hay meadow communities widely distributed across the Caucasus region, at three locations (Fig. 1, Table 1). Geographic coordinates and elevation were recorded using a Garmin eTrex 22x GPS receiver. Ultraviolet radiation (bands A and B) was measured at 2:00 p.m. local time using a UVX-Radiometer (UVP Inc., USA). Climatic data for the study sites were obtained from the Global Historical Weather and Climate Data repository (https://weatherandclimate.com). 
Despite substantial climatic variation among the sites (see Results) plant community composition overlapped significantly due to similar land-use histories – namely, traditional pasturing and haymaking. From the species shared across all three locations, we selected the most representative taxa for this study (Table1). The nomenclature follows Flora of Georgia (2011), Davlianidze et al. (2018), and Plants of the World Online (Miller and Ulate, 2017).

2.2 Plant Material Collection 

Plant material was collected in 2009–2010, primarily in late July to early August, coinciding with the flowering phase of the target species. Individual plants were randomly sampled, placed in paper bags, and transported to the laboratory in a cool box to prevent desiccation. All biochemical assays were conducted using fresh material, with the exception of anthocyanin analysis, which was performed on tissue dried at 75°– 80 °C in a thermostat and subsequently stored under refrigeration.

2.3 Metabolite and Enzyme Activity Assays 

The analyzed compounds included anthocyanins, ascorbic acid, carotenoids, chlorophylls (a + b), proline, soluble carbohydrates, soluble phenolics, tocopherols, and total proteins. Enzyme activities – catalase, nitrate reductase, and peroxidase – were assessed in the same laboratory.
Anthocyanins were extracted using 96% ethanol with 1% HCl and quantified spectrophotometrically at 540 nm (Ermakov, 1987, pp. 113–114). 
Ascorbic acid was measured via titration with a 0.001 M solution of 2,6-dichlorophenolindophenol (Ermakov, 1987, pp. 86–91). 
Catalase activity was determined gasometrically by measuring the volume of oxygen released during the decomposition of hydrogen peroxide. The reaction vessel was connected to a burette to capture and quantify the evolved gas (Pleshkov, 1985, pp. 203–206). 
Nitrate reductase activity was assayed spectrophotometrically at 520 nm by quantifying nitrite accumulation resulting from nitrate reduction (Ermakov, 1987, pp. 51–52). 
Peroxidase activity was measured spectrophotometrically using guaiacol; the absorbance of oxidized guaiacol products was recorded at 470 nm over 2 minutes (Ermakov, 1987, pp. 41–43). 
Plastid pigments (chlorophylls and carotenoids) were extracted from fresh leaves in 96% ethanol and quantified at 560 nm (chlorophylls) and 470 nm (carotenoids) (Lichtenthaler & Buschmann, 2001). 
Proline was quantified spectrophotometrically at 520 nm using toluene extracts of ninhydrin-treated samples (Bates et al., 1973). 
Soluble carbohydrates were measured at 620 nm in anthrone-treated samples (Turkina & Sokolova, 1971). 
Soluble phenolics were quantified at 765 nm in samples treated with Folin–Ciocâlteu reagent (Ferraris et al., 1987).
Tocopherols were measured spectrophotometrically at 470 nm using 96% ethanol extracts (Fillipovich et al., 1982, pp. 40–60). 
Total proteins were quantified following the method of Lowry et al. (1951).
All spectrophotometric measurements were performed using a SPEKOL 11 spectrophotometer (KARL ZEISS, Germany).

2.4 Statistical Analyses 

All chemical assays were performed in triplicate for each species, and mean values were calculated for subsequent multivariate analyses. To examine stress-specific relationships between climatic variables and metabolite levels, we standardized the data simply by dividing the values of the antioxidant concentrations by their maximum value. Then we pooled metabolite data across species for each location and calculated mean values, which were used in non-metric multidimensional scaling (nMDS) using Euclidean distance for the ordination. Climatic variables (Table 2) served as the environmental matrix in these analyses. To assess interspecific variation in metabolic responses across sites, we applied two-way UPGMA cluster analysis using Euclidean distance. 
All statistical analyses were conducted using PAST 4 software (Hammer & Harper, 2001).

3. RESULTS
3.1 The variation of antioxidants at community scale

[bookmark: _Hlk199932835]The climatic conditions at the three study locations were clearly different (Fig. 2). Axis 1 of the nMDS plot explained the bulk of variation in the data (R² = 0.998, Stress = 0). Along this axis, temperature increased (Score = 0.959), as did UV radiation (Score = 0.738), while precipitation declined (Score = –0.999). Axis 2 was associated with continentality (Score = 0.799). These results from the nMDS ordination suggest that abiotic stress in Bakuriani was caused by cold (Score values: –0.293 and –0.297 for Axis 1 and Axis 2, respectively). Cold was also strongly present in Tskhratskaro, but combined with high daytime temperatures that manifested as continentality (Score values: –0.451 and 0.257 for Axis 1 and Axis 2, respectively). In Sno, abiotic stress was likely caused by heat and UV radiation (Score values: 0.744 and 0.039 for Axis 1 and Axis 2, respectively).
Ascorbate was most strongly associated with Axis 1 (Score = 0.241), followed by peroxidase activity and tocopherols (Score values: 0.118 and 0.103, respectively). Chlorophylls, carotenoids, and catalase activity were negatively associated with Axis 1 (Score values: –0.117, –0.119, and –0.159, respectively). Associations with Axis 2 were weak (Score values ranging from 0.032 to –0.017). Thus, the stress-specific responses formed a discernible pattern: ascorbic acid, peroxidase activity, tocopherols, and total proteins were associated with heat stress, while carotenoids, catalase activity, and chlorophylls increased under cold conditions. Other compounds appeared near the centroid of the nMDS chart, showing minimal variation and no clear association with the climatic variables. Overall, this pattern aligns well with existing knowledge on the roles of antioxidants under different types of abiotic stress (see Introduction). 

3.2 The antioxidant variation at the species scale

In addition to stress-specific effects, cluster analysis revealed species-specific metabolic responses in plants for which the majority of metabolites were assessed (Fig. 3). The division of plant species into clusters at the three locations was not exactly the same, although species could be roughly divided into two groups. The first group consistently included Veratrum and Achillea, while Rumex, Origanum, and Alchemilla were constant members of the second group across all three locations. Other species changed groups depending on the location. The groupings were more distinct at Bakuriani and Tskhratskaro, but became less clear-cut at Sno.
In Bakuriani, the first group of plants contained relatively lower levels of tocopherols (Bistorta, Veratrum), peroxidase activity (Plantago, Taraxacum), and proline (Bistorta), but exhibited high levels of ascorbate (Taraxacum, Achillea), catalase (Bistorta, Veratrum, Achillea), and nitrate reductase activity (Taraxacum, Achillea). The second group was characterized by generally low ascorbate but high tocopherol levels in Arctium and Thymus.
In Tskhratskaro, the first group showed lower catalase activity (Veratrum) and tocopherol content (Plantago, Achillea), but higher peroxidase activity (Bistorta, Arctium, Veratrum) and phenolics (Bistorta, Hypericum, Valeriana). The second group contained species with lower peroxidase activity (Origanum, Alchemilla, Rumex) and phenolics (Rumex).
In Sno, the species generally exhibited high levels of antioxidants, except for carotenoids and chlorophylls.

4. DISCUSSION

One direction in the study of chemical ecology of multi-species assemblages involves analyzing the interactions among these species (Silva et al. 2018; Raguso et al. 2015). It is safe to say that another major focus is on plant metabolic responses to abiotic stress gradients; however, such studies typically concentrate on a single species or taxon and a narrow class of metabolites (Shanker et al. 2022). A classic example is the well-documented increase in leaf epidermal flavonoids in response to heightened UV radiation (e.g., Tripp et al. 2018; Koski et al. 2024). In contrast, our study simultaneously assessed 13 metabolic responses across 12 forb species exposed to distinct types of abiotic stress.
The Caucasus Mountains provided an ideal setting for such a comparative investigation. Traditionally managed secondary grasslands occupy extensive portions of the landscape (Nakhutsrishvili 2012). These pastures and hay meadows, established by the end of the Late Bronze Age, have been largely maintained to the present day (Kikvidze 2020a, p. 100). Their persistence over more than four millennia and widespread distribution underscore the sustainability of this agricultural system in the region (Kikvidze 2020b, pp. 166–167), which has significantly altered the distribution of potential natural vegetation. As a result, pasture- and meadow-adapted species now occur more broadly than predicted by potential vegetation models, extending into environments characterized by differing abiotic stress regimes, as observed in our study. This enabled us to examine a consistent set of species across climatically diverse sites: Bakuriani, where the potential natural vegetation is mixed montane conifer–beech forest; Sno, located in the subalpine broad-leaved birch forest zone; and Tskhratskaro, situated at the edge of the Javakheti Plateau, a region typified by steppe vegetation (Giorgi Mikeladze, pers. comm.; Nakhutsrishvili 2012).
Our results show that stress-specific responses prevailed in the tested subset of forb species representing traditionally managed hay meadows, as predicted by our main hypothesis. Temperature emerged as the primary climatic driver of this aggregated response. However, metabolic adjustments to cold and heat stress differed markedly, as high levels of ascorbic acid, tocopherols, and peroxidase activity were associated with heat stress. In contrast, carotenoid and chlorophyll levels, as well as catalase activity, were associated with cold conditions. These findings are consistent with knowledge derived from experiments conducted at the species level (as discussed in the Introduction above).
Beyond these stress-specific trends, species-specific metabolic profiles also emerged, which could be roughly divided into two groups with differing levels of various antioxidants. The differences among species largely depended on the type of abiotic stress; however, the contribution of such variation was weak overall and clearly overridden by the stress-specific effect.
Some species showed a wide spectrum of responses, apparently reflecting the strength of their secondary metabolism. For example, Bistorta has a well-established use in traditional medicine (Bussmann et al. 2024a), benefiting from the rich phytochemistry of this species, which likely includes high antioxidant content (Pawłowska et al. 2020). Hypericum, Rumex, Valeriana, and Veratrum are also distinguished by their phytochemistry (see Bussmann et al. 2024b for Hypericum; Bussmann et al. 2024c and Batsatsashvili et al. 2017 for Rumex; Nandhini et al. 2018 for Valeriana; and Taldaev et al. 2022 for Veratrum). 
Plant community ecology has benefited greatly from the introduction of the concept of functional diversity (Bishaya et al. 2024; Palacio et al. 2025). It helps link ecosystem functions with species diversity and is based on the quantification and analysis of plant functional traits such as specific leaf area, plant height, seed size, nitrogen content, photosynthesis rate, and others (Díaz et al. 2007; Rao et al. 2024). Effective analytical tools have emerged in the form of functional diversity indices (Casanoves et al. 2011). Since plant survival, growth, and reproduction also depend on defensive compounds such as antioxidants, the content of these key metabolites — varying across species — can be understood as equally important as other functional traits (Freeman et al. 2025). If we accept this, then we must also acknowledge a significant gap in our knowledge: we do not yet understand how antioxidant and other defensive metabolic mechanisms operate at the community scale and contribute to ecosystem functions.
Compared to standard vegetation sampling (e.g., recording species within sampling plots), sampling for functional traits requires direct measurement of these traits in the field and is therefore more complex and labor-intensive. As discussed in the Introduction, sampling for antioxidants is even more challenging. This becomes particularly difficult in species-rich communities such as secondary meadows, although in our study we were able to represent an important group of plants — namely, forbs. Progress in this field will likely depend on the development of novel sampling techniques that allow for measuring multiple metabolites across many plant species in situ. Such advancements appear crucial for improving our understanding of plant community functions.. 

5. CONCLUSIONS

By combining a core set of common herbaceous species with a suite of metabolites across three climatically distinct locations, this study enabled a nuanced assessment of the stress- and species-specificity of metabolic responses in secondary grassland communities of the Greater and Lesser Caucasus. The majority of forb species in a hay meadow assemblage produced similar antioxidant responses specific to a given abiotic stress, overriding species-specific differences. The knowledge previously gained from experiments at molecular and species levels aligns well with these findings.
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Table 1. Left: Studied forb species and their names used in the text; right: measured substances and their code used in Figures.
	Species
	Name as used in the text
	Substance
	Code used in Fig. 2-3 

	[bookmark: _Hlk198282536][bookmark: _Hlk199835722]Achillea millefolium L. 
	Achillea 
	Anthocyanins
	ANT

	Alchemilla sericata Rchb. ex Buser
	Alchemilla 
	Ascorbate
	ASC

	Arctium lappa L. 
	Arctium 
	Carotenoids
	CRT

	Bistorta officinalis subsp. officinalis
	Hypericum 
	Carbohydrates
	CRB

	Hypericum perforatum L. 
	Bistorta 
	Catalase
	CAT

	Origanum vulgare L. 
	Origanum 
	Chlorophylls
	CHL

	Plantago major L. 
	Plantago 
	N-reductase
	NRD

	Rumex alpinus L. 
	Rumex 
	Peroxidase
	PRX

	Taraxacum officinale (L.) Weber ex F.H.Wigg.
	Taraxacum 
	Phenolics
	PHN

	Thymus collinus M.Bieb. 
	Thymus 
	Proline
	PRL

	Trifolium pratense L. 
	Trifolium 
	Proteins
	PRT

	Valeriana tiliifolia Troickij
	Valeriana 
	Tocopherols
	TOC

	Veratrum lobelianum Bernh.
	Veratrum 
	
	






Table 2. Climatic character at study locations and their code used in Fig.2.
	Location
	Bakuriani
	Tskhratskaro
	Sno
	Code used in Fig. 2 

	Latitude°
	41.75768
	41.68583
	42. 60808 
	

	Longitude°
	43.52210
	43.51763
	44.63827
	

	Altitude, m above sea level
	1750 - 1800
	2200 - 2450
	1750 - 1800
	

	Mean maximum temperature °C 
	11.14
	11.57
	13.56
	T°C 

	Annual precipitation mm
	635
	659
	470
	Pr, mm

	Continentality
	9.86
	10.24
	9.86
	Cnt

	UV radiation mW/cm2
	4.8
	5.5
	6
	UV
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[bookmark: _Hlk201060952]Fig. 1. Study locations indicated by red triangles: 1 – Kazbegi; 2 – Bakuriani; and 3 – Tskhratskaro. (For exact coordinates and altitude see Table 1). The source: https://www.freeworldmaps.net/asia/caucasus/caucasus-countries-hd.jpg 
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Fig. 2. General pattern of metabolic responses to abiotic stress (nMDS ordination graph). 



	[image: ]
	[image: ]

	[image: ]
	

Antioxidant level
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[bookmark: _GoBack]Fig. 3. Two-way cluster analysis of the forb assemblage and the contents of antioxidants in species at three locations. Blank rectangles indicate missing data. Antioxidant level refers to standardized data (see the Materials and Methods).
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