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Abstract

Specialized plant metabolism, particularly phenolic compound production, contrib-
utes significantly to the functioning and resilience of mountain ecosystems. Live-
stock grazing can influence phenolic production, with its effects varying depending
on microclimatic factors and soil conditions. Despite the ecological significance of
this process, the impact of livestock grazing on phenolic production in alpine plants
remains insufficiently explored. To address this knowledge gap, we conducted a field
experiment to investigate the individual and combined effects of site elevation and
experimental grazing exclusion on phenolic compound production in Nardus stricta
plants. After two growing seasons, we collected leaf samples to quantify phenolic
diversity and concentration. Site elevation significantly affected phenolic richness
and flavonoid concentrations, with higher levels at the highest elevation compared
to lower sites. However, livestock grazing exclusion had no significant impact on
phenolic concentration, diversity, or any interactions between grazing exclusion and
site elevation across sites. This study enhances understanding of plant chemistry and
responses to stressors, offering insights into plant adaptations to environmental

and land-use changes.

Introduction

Mountain ecosystems provide essential ecosystem services such as carbon storage,
water regulation, and biodiversity conservation [1,2]. They also serve as grazing
grounds critical for local livestock and the production of high-quality dairy and meat
products [3]. However, these ecosystems are particularly fragile due to environmental
factors like low temperatures and nutrient-poor soils, making them highly sensitive to
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various disturbances [4]. Rising temperatures and increased drought conditions, for
example, are significantly affecting plant phenology, distribution, and productivity [5].
Overgrazing exacerbates soil degradation, reduces plant biomass, and alters com-
munity composition, undermining ecosystem stability [6]. Conversely, grazing aban-
donment leads to shrub encroachment, biodiversity loss, and disruptions to nutrient
cycles [7]. Together, these pressures threaten the health and resilience of fragile
mountain environments, underscoring the need for effective management to preserve
their vital ecological functions.

Plant specialized metabolism, particularly the production of phenolic compounds,
contributes significantly to plant fithess and the functioning and resilience of mountain
ecosystems [8]. These phenolic compounds help protect plants against herbivores,
pathogens, and environmental stressors such as ultraviolet radiation and extreme
temperature fluctuations at high elevations [9,10], thus enhancing ecosystem resil-
ience. For instance, the diversity and concentration of phenolic compounds—espe-
cially flavonoids and tannins—have been observed to increase with elevation in
several species, including oaks (Quercus spp.) and Vicia plants, likely as an adaptive
response to increased UV exposure and harsher climatic conditions [11,12]. Further-
more, phenolic compounds have significant implications for the health and product
quality of livestock grazing in mountain ecosystems [13,14]. These compounds
contribute to the antioxidant content of milk and meat, enhancing their nutritional
value and potentially offering health benefits to consumers [15]. However, excessive
phenolic concentrations can negatively affect livestock fertility and metabolism, creat-
ing a complex balance between ecological and economic considerations [16]. While
livestock grazing has a notable impact on the production and diversity of phenolic
compounds, these changes are likely being highly context-dependent [17-19]. Fac-
tors such as microclimatic conditions—like temperature, moisture, and solar radiation
[20,21]—as well as soil attributes, like nutrient availability and pH [22,23], influence
phenolic content. In high mountain environments, where extreme conditions amplify
these effects, grazing might have more pronounced impacts on plant metabolism
and the accumulation of phenolic compounds. Despite its ecological importance, the
role of livestock grazing in modulating phenolic production in alpine and sub-alpine
plants remains an underexplored area of research, warranting further investigation to
better understand the interplay between grazing, plant metabolism, and ecosystem
dynamics.

To address this knowledge gap, we conducted a field experiment in sub-alpine
grasslands of Serra da Estrela (Portugal) to examine the individual and combined
effects of site elevation and experimental grazing exclusion on phenolic compound
production in Nardus stricta L. plants. After two growing seasons, we collected leaf
samples to quantify phenolic compound concentrations. Our primary research ques-
tions were: (i) Do the diversity and abundance of phenolic compounds in leaves vary
across sites with different elevations? (ii) Do the diversity and abundance of phe-
nolic compounds respond to grazing exclusion? (iii) Do the effects of grazing exclu-
sion vary across elevational sites, indicating potential interactions or dependencies
across scales? This study will deepen our understanding of plant chemistry and their
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responses to both environmental and anthropogenic stressors, providing valuable insights that can inform predictions of
plant adaptations to changing environmental conditions and land-use practices.

Materials and methods
Experimental design and sampling

The study was conducted in five high-elevation Nardus stricta grasslands within Serra da Estrela, Portugal (Fig 1), a hab-
itat designated as a priority under the European Union’s Natura 2000 directive (Annex I, code 6230). The studied grass-
lands are located at elevations ranging from 1545 to 1875 m a.s.l. in the Serra da Estrela mountain range (Fig 1), which
represents one of the highest points in the Iberian Peninsula. Although 1875 m would be considered mid- or even low ele-
vation in a global context (e.g., the Himalayas), it is relatively high regionally; thus, for the purposes of this study, we refer
to 1875 m as a high-elevation site, reflecting the local ecological and climatic conditions at this altitude. These grasslands
exhibit moderate variation in climatic and soil characteristics (see below and Fig 1). Their soils are classified as acidic
umbrisols, which support the dominance of N. stricta, a grass species that makes up approximately 80—90% of the plant
community. The study sites are characterized by free-ranging cattle, goats, and mainly sheep that graze on Nardus stricta,
providing a natural setting to examine grazing effects on plant chemical defenses across contrasting environmental con-
ditions. This species, which dominates the plant community, is considered poorly palatable but is nevertheless the most
consumed forage resource in the area. This apparent contradiction reflects that its high abundance compensates for its
low relative palatability, making it a primary target of herbivory. Consequently, grazing pressure on N. stricta is ecologically
relevant, as it can strongly influence plant community structure and ecosystem dynamics.

In October 2020, we selected five plots at each site for our experiment. Each plot was located on flat terrain (no slope)
and measured 10 x 10 meters (Fig 1). Within each plot, we installed a livestock exclusion structure (LES) to examine
grazing impacts on high-altitude grasslands (Fig 1). Each LES measured 1.5 m in height with a diameter of 0.90 m and
contained several N. stricta individuals. In addition to the LES, we established a control area of the same size nearby in
each plot, which also contained several N. stricta individuals (Fig 1). This resulted in 50 experimental units (5 sites x 2
grazing treatments x 5 plots) (Fig 1).

In July 2022, two years after grazing exclusion and during the peak of the growing season, five N. stricta tussocks were
randomly selected from each experimental unit, totalling 250 tussocks (i.e., 50 experimental units x 5 tussocks). From
each tussock, five fully expanded leaves with minimal or no insect herbivore damage were collected, ensuring minimal
variation due to metabolite induction. Leaf age was standardized based on position along the branch, colour, and texture.

Site  Elevation (m) Latitude Longitude MAT (°C) Seasonality pH OM (%) .,
ALX 1823 40.34114  -7.63745 7.69 546.76  4.88:0.10  44.9:124 . ' ' b
coB 1870 40.32393  -7.60237 7.52 605.11 450:0.07  35.3:52 ﬂ . x5
CUM 1875 40.34533 -7.62245 7.50 668.91 4.33:006  35.3:75 “ v

LAC 1617 40.35945 -7.65314 9.29 596.66 4.93+0.06 23.3+3.7

NSA 1546 40.31482 -7.58218 8.22 544.52 4.41+0.05 44444 EXCl U S|0n Contro

Fig 1. The five high-elevation grasslands in Serra da Estrela, Portugal, where our study was conducted: Malhoesitos da Talada (ALX), Covao
do Boi (COB), Cume (CUM), Lagoa Comprida (LAC), and Nave Santo Anténio (NSA). For each site, we provide detailed information about elevation,
latitude, longitude, climate data such as the mean annual temperature (MAT) and temperature seasonality (calculated as the standard deviation x 100),
and soil conditions such as pH and organic matter (OM) content. For the experimental design, we established five plots at each site (10 x 10 meters) with
livestock exclusion structures and control areas, resulting in 50 experimental units (5 sites x 2 grazing treatments x 5 plots).

https://doi.org/10.1371/journal.pone.0330638.9001
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The leaves were transported in paper bags to the laboratory and oven-dried at 40°C for 48 hours to prepare for chemical
analysis of phenolic compounds.

Fieldwork and sample collection were conducted under permits granted by the Instituto da Conservacédo da Natureza e
das Florestas (ICNF), the national authority responsible for managing protected areas and natural resources in Portugal.

Quantification of phenolic compounds

For each plant, we employed a ball mill to grind the five collected leaves and extracted phenolic compounds from 20 mg
of dry, pulverized leaf tissue using 1 mL of 70% methanol in an ultrasonic bath for 15 minutes, followed by centrifugation
[24]. The resulting extracts were then transferred to chromatographic vials. To quantify the phenolic compounds, we used
an ultra-high-performance liquid chromatography system (UHPLC, Nexera LC-30AD; Shimadzu), equipped with an M20A
UV/VIS photodiode array detector (PDA; SPD-M20A, Shimadzu). Compound separation was achieved on a Kinetex™
Core-Shell C18 column (2.6 pm, 100 x 4.6 mm; Phenomenex), protected with a C18 guard cartridge. The flow rate was set
to 0.4mL min~', and the column oven temperature was maintained at 25 °C. The mobile phase consisted of two solvents:
water +formic acid (0.1%) (A) and acetonitrile (B). The gradient started with 7% B, increased to 30% B at 30 minutes, 50%
B at 45 minutes, 60% B at 46 minutes, 100% B at 50 minutes, and returned to 7% B at 53 minutes. Phenolic compounds
were detected at 330 nm.

For phenolic compound identification, we used a UHPLC-PDA system (Thermo Dionex Ultimate 3000), coupled with
an electrospray ionization quadrupole time-of-flight mass spectrometer (QTOF-MS/MS, Bruker Compact™), using the
same chromatographic conditions as for quantification. Mass spectra (MS) and MS? were acquired in full scan mode, with
negative ionization. Only two groups of phenolic compounds were detected in our samples: (i) flavonoids (e.g., luteolin,
tricin derivatives) and (ii) hydroxycinnamic acids (e.g., ferulic, coumaric, and caffeic acids derivatives) (see S1 Table in the
Supplementary Material). Identification was based on the comparison of parent ion mass, fragmentation pattern, and UV
spectra with literature data and public databases such as PubChem (https://pubchem.ncbi.nim.nih.gov). Flavonoids were
quantified as rutin equivalents, and hydroxycinnamic acids as ferulic acid equivalents using external calibration curves.
See Moreira et al. [25] for a detailed explanation of compound separation, identification, and quantification. We also quan-
tified phenolic compound diversity at the individual plant level using two indices: the total number of phenolic compounds,
or phenolic richness (S) and the Shannon—Weiner index (H). The latter index was calculated as H=—X(P, log[P]), where
P, is the relative amount of a given phenolic compound divided by the total phenolics in each plant. Both indices play a key
role in boosting a plant’s ability to resist biotic threats such as herbivores and pathogens [26,27]. Specifically, a greater
diversity of phenolic compounds allows plants to produce a wider range of chemical defences, offering enhanced protec-
tion against herbivory [26].

Statistical analyses

First, we ran general linear mixed models to test the effects of site (five levels: ALX, COB, CUM, LAC, NSA), grazing treat-
ment (two levels: control vs. grazing exclusion), and their interaction on the diversity (S and H) and abundance of phenolic
compounds. We initially analyzed each phenolic compound separately and applied a Bonferroni correction to control for
Type | error inflation. After this adjustment, grazing had no significant effect on the concentration of any individual com-
pound. Given the lack of significant responses and the inherent complexity of interpreting patterns at the individual com-
pound level, we chosed to present and discuss our findings using richness and diversity metrics. These metrics not only
provide an integrative view of phenolic composition but also implicitly capture variation at the compound level. Abundance
was analysed separately for flavonoids and hydroxycinnamic acids. The interaction between site and grazing treatment
assessed whether the effects of grazing exclusion varied across sites at different elevations, revealing a potential cross-
scale dependency in plant responses to environmental and grazing pressures. To account for site and grazing effects with
the correct error structure, we included a three-way random effect for plot, site, and grazing treatment in all models.
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All analyses were conducted using PROC MIXED in SAS version 9.4 (SAS Institute, Cary, NC) [28]. To achieve nor-
mality of the residuals, we log-transformed the data for flavonoids and hydroxycinnamic acids and reported model least-
squares means and standard errors as descriptive statistics.

Results and discussion

The site significantly affected phenolic richness (S) and the concentration of flavonoids but did not influence diversity (H)
or the concentration of hydroxycinnamic acids (Table 1, Fig 2A-D, S1 Fig). In particular, plants growing at the highest ele-
vation site (CUM) exhibited greater concentrations and richness of phenolic compounds in their leaves compared to those
growing at the lowest elevation sites (LAC and NSA). High elevations are linked to increased exposure to solar radiation
and more extreme temperature fluctuations [4]. These stressors often trigger enhanced synthesis of phenolic compounds,
which act as protective antioxidants against ultraviolet-induced oxidative damage [e.g., 20,29]. Additionally, lower atmo-
spheric pressure and reduced oxygen levels at higher elevations may further stimulate the production of secondary
metabolites, including phenolics, as part of the plant’s adaptive mechanisms to harsh environmental conditions [30].
Notably, our results reveal differential responses of phenolic compounds to environmental conditions. Flavonoids, which
are often produced in response to stressors such as UV radiation or nutrient availability, may increase under site-specific
pressures [31], while hydroxycinnamic acids show less variability, possibly due to their structural roles or more tightly
controlled biosynthesis [32]. However, these patterns are not universal. Some studies have reported that phenolic produc-
tion does not increase under stress and may even decline, depending on species, developmental stage, or local resource
availability [33]. This suggests that additional factors—such as soil nutrient status, plant ontogeny, or genotype-by-
environment interactions—may modulate the synthesis and accumulation of phenolic compounds in response to envi-
ronmental stress. Additionally, the lack of significant changes in diversity (H) suggests that, despite the production of new
compounds, their relative proportions remain stable, maintaining overall chemical composition and complexity. Overall,
these findings highlight how elevation-related environmental stressors selectively shape the richness and concentration
of specific phenolic compounds, particularly flavonoids, while leaving overall chemical diversity and structurally essential
compounds like hydroxycinnamic acids relatively unchanged.

Our results indicated no significant effects of livestock grazing exclusion on the phenolic concentration or diversity in
leaves of N. stricta plants (Table 1, Fig 2A-D, S1 Fig). In addition, we did not observe a site-by-grazing interaction for
flavonoid and hydroxycinnamic acid concentrations, nor any effect on phenolic diversity (S, H) (Table 1, Fig 2A-D, S1
Fig), indicating that the non-significant impact of grazing exclusion was consistent across the different sites. This lack of
response to grazing exclusion may be explained by several factors. First, N. stricta may have developed compensatory
mechanisms that allow it to maintain phenolic concentrations despite grazing pressure [34,35], including shifts in other

Table 1. Effects of site, grazing treatment (two levels: control vs. grazing exclusion), and their interaction on the total number of phenolic
compounds (phenolic richness, S), the Shannon-Weiner index (H), and the concentrations of flavonoids and hydroxycinnamic acids in leaves
of Nardus stricta plants located at five sites varying in elevation. In all models, we included the three-way interaction between plot, site, and
grazing treatment as a random effect to appropriately account for error terms while analysing the main factors (i.e., site and grazing treat-
ment). To achieve normality of the residuals, we log-transformed the data for flavonoids and hydroxycinnamic acids. F-values with degrees of
freedom (numerator, denominator) and associated significance levels (P-values) are provided. Significant P-values (P<0.05) are indicated in
bold.

Site (S) Grazing (G) SxG

F440 P F1 40 P F440 P
Phenolic richness (S) 3.49 0.015 0.00 0.976 1.10 0.371
Shannon diversity index (H) 1.83 0.142 0.05 0.832 1.31 0.284
Flavonoids 12.66 <0.001 0.07 0.788 1.52 0.216
Hydroxycinnamic acids 1.99 0.115 1.13 0.295 1.08 0.380

https://doi.org/10.1371/journal.pone.0330638.t001
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Fig 2. The effects of grazing exclusion on phenolic compound production in Nardus stricta leaves across five sites with varying elevations in
central Portugal are shown. Panel (A) illustrates the total number of phenolic compounds, or phenolic richness (S), while panel (B) presents the Shan-
non—Weiner index (H), a measure of phenolic diversity. The concentrations (in mg g™ d.w.) of flavonoids and hydroxycinnamic acids are shown in panels
(C) and (D), respectively. Plants subjected to grazing exclusion are represented by gray bars, while control plants are indicated by white bars. The bars
represent least square means + standard errors for phenolic richness and diversity (panels A and B), and back-transformed least square means * stan-
dard errors for flavonoid and hydroxycinnamic acid concentrations (panels C and D), derived from linear models. Statistical results are summarized in
Table 1.

https://doi.org/10.1371/journal.pone.0330638.9002

plant traits. Indeed, N. stricta is known to be poorly palatable, with a primary defence against herbivory being the accu-
mulation of silica in its leaves [36—38]. This mechanism, along with others such as increased production of terpenoids or
adjustments in nutrient allocation, may help mitigate the effects of grazing exclusion [39]. Second, the intensity of grazing
pressure at our study sites may not have been high enough to induce significant changes in phenolic production. If graz-
ing pressure was mild, the exclusion of livestock might not have notably altered plant defences or metabolism [40]. Finally,
phenolic concentrations may take longer to respond to grazing changes [41]. The two-year duration of grazing exclusion
may not have been long enough to observe substantial shifts in phenolic profiles [42,43]. For example, Turley, Odell (42)
found that Rumex acetosa L. (Polygonaceae) plants showed differences in secondary metabolite concentrations (tannins
and oxalate) after 26 years of rabbit exclusion.

Future research should focus on examining the long-term effects of environmental stressors, such as solar radi-
ation and temperature fluctuations, on phenolic compound production across various elevations and plant systems.
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Investigating how these abiotic factors influence plant chemical defences will deepen our understanding of how plants
adapt to environmental variation, especially at high elevations where stressors are more pronounced. Additionally, future
studies should explore the role of grazing pressure in shaping plant secondary metabolism over longer periods. Moun-
tain ecosystems provide essential ecosystem services, but their fragility and sensitivity to disturbances, such as climate
change, overgrazing, and grazing abandonment, can threaten their ecological stability and require effective management
to ensure their resilience. Our study suggests that grazing exclusion do not have an immediate impact on phenolic con-
centrations or diversity, at least in our study site, possibly due to mild grazing pressure or specific compensatory mecha-
nisms in N. stricta. However, secondary metabolite responses to grazing may require more time to manifest, as shown in
previous studies where long-term exclusion led to measurable shifts in plant chemistry. Therefore, extending the duration
of grazing exclusion experiments and considering varying intensities of grazing would provide valuable insights into how
grazing affects plant defence strategies over time. Moreover, examining a broader range of plant species across differ-
ent ecological contexts could help determine whether grazing exclusion effects are species-specific or influenced by site
characteristics, further enhancing our understanding of plant-herbivore interactions and plant responses to environmental
change. Finally, it is important to note that the elevational gradient examined in this study spans less than 500 meters,
which is relatively modest compared to many other elevational studies that typically investigate changes across gradients
of 1000 meters or more [e.g., 12,44]. Future research should aim to include steeper elevational gradients to better capture
broader environmental variation and more pronounced ecological responses.

Supporting information
S1 Table. Detailed information on the MS spectra of the identified compounds.
(PDF)

S1 Fig. The effects of grazing exclusion on phenolic compound production in Nardus stricta leaves across five
sites with varying elevations in central Portugal are shown. Panel (A) illustrates the total number of phenolic
compounds, or phenolic richness (S), while panel (B) presents the Shannon—Weiner index (H), a measure of phenolic
diversity. The concentrations (in mg g d.w.) of flavonoids and hydroxycinnamic acids are shown in panels (C) and (D),
respectively. Plants subjected to grazing exclusion are represented by blue bars, while control plants are indicated by red
bars. The bars represent mean values + standard errors.

(TIFF)

Author contributions

Conceptualization: Jorge Duran, Xoaquin Moreira, Alexandra Rodriguez.

Data curation: Jorge Duran, Xoaquin Moreira.

Formal analysis: Jorge Duran, Ana Cao, Joana Serddio.

Funding acquisition: Jorge Duran, Xoaquin Moreira, Susana Rodriguez-Echeverria, Alexandra Rodriguez.

Investigation: Jorge Duran, Xoaquin Moreira, Marta Correia, Ana Cao, Joana Serddio, Susana Rodriguez-Echeverria,
Alexandra Rodriguez.

Methodology: Jorge Duran, Xoaquin Moreira, Marta Correia, Ana Cao, Joana Serddio, Susana Rodriguez-Echeverria,
Alexandra Rodriguez.

Project administration: Susana Rodriguez-Echeverria.
Resources: Susana Rodriguez-Echeverria.
Supervision: Jorge Duran, Susana Rodriguez-Echeverria.

PLOS One | https://doi.org/10.1371/journal.pone.0330638 September 10, 2025 719



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330638.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330638.s002

PLO\Sﬁ\\.- One

Validation: Xoaquin Moreira.
Writing — original draft: Jorge Duran.

Writing — review & editing: Jorge Duran, Xoaquin Moreira, Marta Correia, Ana Cao, Joana Serddio, Susana Rodriguez-
Echeverria, Alexandra Rodriguez.

References

1. Schonswetter P, Stehlik |, Holderegger R, Tribsch A. Molecular evidence for glacial refugia of mountain plants in the European Alps. Mol Ecol.
2005;14(11):3547-55. https://doi.org/10.1111/j.1365-294X.2005.02683.x PMID: 16156822

2. Grét-Regamey A, Weibel B. Global assessment of mountain ecosystem services using earth observation data. Ecosyst Serv. 2020;46:101213.
https://doi.org/10.1016/j.ecoser.2020.101213

3. Garmendia E, Aldezabal A, Galan E, Andonegi A, del Prado A, Gamboa G, et al. Mountain sheep grazing systems provide multiple ecological,
socio-economic, and food quality benefits. Agron Sustain Dev. 2022;42:47. PMID: 8702

4. Mountain Research Initiative EDW Working Group. Elevation-dependent warming in mountain regions of the world. Nat Clim Change.
2015;5(5):424-30. https://doi.org/10.1038/nclimate2563

5. Dainese M, Crepaz H, Bottarin R, Fontana V, Guariento E, Hilpold A, et al. Global change experiments in mountain ecosystems: a systematic
review. Ecol Monogr. 2024;94(4). https://doi.org/10.1002/ecm.1632

6. Maestre FT, Le Bagousse-Pinguet Y, Delgado-Baquerizo M, Eldridge DJ, Saiz H, Berdugo M, et al. Grazing and ecosystem service delivery in
global drylands. Science. 2022;378(6622):915-20. https://doi.org/10.1126/science.abq4062 PMID: 36423285

7. Serrano AR, Peco B, Morillo JA, Ochoa-Hueso R. Abandonment of traditional livestock grazing reduces soil fertility and enzyme activity, alters soil
microbial communities, and decouples microbial networks, with consequences for forage quality in Mediterranean grasslands. Agric Ecosyst Envi-
ron. 2024;366:108932. https://doi.org/10.1016/j.agee.2024.108932

8. Close DC, McArthur C. Rethinking the role of many plant phenolics — protection from photodamage not herbivores?. Oikos. 2002;99(1):166—-72.
https://doi.org/10.1034/j.1600-0706.2002.990117.x

9. Mithofer A, Boland W. Plant defense against herbivores: chemical aspects. Annu Rev Plant Biol. 2012;63:431-50. https://doi.org/10.1146/
annurev-arplant-042110-103854 PMID: 22404468

10. Naikoo MI, Dar MI, Raghib F, Jaleel H, Ahmad B, Raina A, et al. Role and regulation of plants phenolics in abiotic stress tolerance: an overview.
In: Khan MIR, Reddy PS, Ferrante A, Khan NA, editors. Plant Signaling Molecules Role and Regulation Under Stressful Environments. 2019. pp.
157-68.

11. Abdala-Roberts L, Rasmann S, Berny-Mier Y Teran JC, Covelo F, Glauser G, Moreira X. Biotic and abiotic factors associated with altitudinal varia-
tion in plant traits and herbivory in a dominant oak species. Am J Bot. 2016;103(12):2070-8. https://doi.org/10.3732/ajb.1600310 PMID: 27965243

12. Rasmann S, Buri A, Gallot-Lavallée M, Joaquim J, Purcell J, Pellissier L. Differential allocation and deployment of direct and indirect defences by
Vicia sepium along elevation gradients. J Ecol. 2014;102(4):930-8. https://doi.org/10.1111/1365-2745.12253

13. Clemensen A, Halvorson JJ, Christensen R, Kronberg SL. Potential benefits of tanniferous forages in integrative crop-livestock agroecosystems.
Front Agron. 2022;4. https://doi.org/10.3389/fagro.2022.911014

14. Evans N, Cloward J, Ward RE, van Wietmarschen HA, van Eekeren N, Kronberg SL, et al. Pasture-finishing of cattle in Western U.S. rangelands
improves markers of animal metabolic health and nutritional compounds in beef. Sci Rep. 2024;14(1):20240. https://doi.org/10.1038/s41598-024-
71073-3 PMID: 39215122

15. O’Connell JE, Fox PF. Significance and applications of phenolic compounds in the production and quality of milk and dairy products: a review. Int
Dairy J. 2001;11(3):103-20. https://doi.org/10.1016/s0958-6946(01)00033-4

16. Waghorn GC, McNabb WC. Consequences of plant phenolic compounds for productivity and health of ruminants. Proc Nutr Soc. 2003;62(2):383—
92. https://doi.org/10.1079/pns2003245 PMID: 14506885

17. Barto EK, Cipollini D. Testing the optimal defense theory and the growth-differentiation balance hypothesis in Arabidopsis thaliana. Oecologia.
2005;146(2):169-78. https://doi.org/10.1007/s00442-005-0207-0 PMID: 16096848

18. Herms DA, Mattson WJ. The dilemma of plants: to grow or defend. Q Rev Biol. 1992;67(3):283-335. https://doi.org/10.1086/417659

19. Dicke M, Baldwin IT. The evolutionary context for herbivore-induced plant volatiles: beyond the “cry for help”. Trends Plant Sci. 2010;15(3):167-75.
https://doi.org/10.1016/j.tplants.2009.12.002 PMID: 20047849

20. Del Valle JC, Buide ML, Whittall JB, Valladares F, Narbona E. UV radiation increases phenolic compound protection but decreases reproduction in
Silene littorea. PLoS One. 2020;15(6):e0231611. https://doi.org/10.1371/journal.pone.0231611 PMID: 32555603

21. Moreira X, Abdala-Roberts L, Lago-Nufiez B, Cao A, De Pauw K, De Ro A, et al. Effects of experimental warming at the microhabitat scale on oak
leaf traits and insect herbivory across a contrasting environmental gradient. Oikos. 2023;2024(1). https://doi.org/10.1111/0ik.10353

PLOS One | https://doi.org/10.1371/journal.pone.0330638 September 10, 2025 8/9



https://doi.org/10.1111/j.1365-294X.2005.02683.x
http://www.ncbi.nlm.nih.gov/pubmed/16156822
https://doi.org/10.1016/j.ecoser.2020.101213
http://www.ncbi.nlm.nih.gov/pubmed/8702
https://doi.org/10.1038/nclimate2563
https://doi.org/10.1002/ecm.1632
https://doi.org/10.1126/science.abq4062
http://www.ncbi.nlm.nih.gov/pubmed/36423285
https://doi.org/10.1016/j.agee.2024.108932
https://doi.org/10.1034/j.1600-0706.2002.990117.x
https://doi.org/10.1146/annurev-arplant-042110-103854
https://doi.org/10.1146/annurev-arplant-042110-103854
http://www.ncbi.nlm.nih.gov/pubmed/22404468
https://doi.org/10.3732/ajb.1600310
http://www.ncbi.nlm.nih.gov/pubmed/27965243
https://doi.org/10.1111/1365-2745.12253
https://doi.org/10.3389/fagro.2022.911014
https://doi.org/10.1038/s41598-024-71073-3
https://doi.org/10.1038/s41598-024-71073-3
http://www.ncbi.nlm.nih.gov/pubmed/39215122
https://doi.org/10.1016/s0958-6946(01)00033-4
https://doi.org/10.1079/pns2003245
http://www.ncbi.nlm.nih.gov/pubmed/14506885
https://doi.org/10.1007/s00442-005-0207-0
http://www.ncbi.nlm.nih.gov/pubmed/16096848
https://doi.org/10.1086/417659
https://doi.org/10.1016/j.tplants.2009.12.002
http://www.ncbi.nlm.nih.gov/pubmed/20047849
https://doi.org/10.1371/journal.pone.0231611
http://www.ncbi.nlm.nih.gov/pubmed/32555603
https://doi.org/10.1111/oik.10353

PLO\Sﬁ\\.- One

22.

23.

24,

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hale BK, Herms DA, Hansen RC, Clausen TP, Arnold D. Effects of drought stress and nutrient availability on dry matter allocation, phenolic glyco-
sides, and rapid induced resistance of poplar to two lymantriid defoliators. J Chem Ecol. 2005;31(11):2601-20. https://doi.org/10.1007/s10886-005-
7616-8 PMID: 16273431

Sampedro L, Moreira X, Zas R. Costs of constitutive and herbivore-induced chemical defences in pine trees emerge only under low nutrient avail-
ability. J Ecol. 2011;99(3):818-27. https://doi.org/10.1111/j.1365-2745.2011.01814.x

Moreira X, Mooney KA, Rasmann S, Petry WK, Carrillo-Gavilan A, Zas R, et al. Trade-offs between constitutive and induced defences drive geo-
graphical and climatic clines in pine chemical defences. Ecol Lett. 2014;17(5):537—46. https://doi.org/10.1111/ele.12253 PMID: 24818235

Moreira X, Duran J, Rodriguez A, Cao A, Correia M, Serddio J, et al. Interactions between macro- and micro-climate: effects on phenolic com-
pound production in Nardus stricta at high elevations. Plant Biol (Stuttg). 2025;27(3):417-25. https://doi.org/10.1111/plb.13776 PMID: 39945121

Wetzel WC, Whitehead SR. The many dimensions of phytochemical diversity: linking theory to practice. Ecol Lett. 2020;23(1):16-32. https://doi.
org/10.1111/ele.13422 PMID: 31724320

Defossez E, Pitteloud C, Descombes P, Glauser G, Allard P-M, Walker TWN, et al. Spatial and evolutionary predictability of phytochemical diver-
sity. Proc Natl Acad Sci U S A. 2021;118(3):2013344118. https://doi.org/10.1073/pnas.2013344118 PMID: 33431671

Littell RC, Milliken GA, Stroup WW, Wolfinger R, Schabenberger O. SAS System for Mixed Models. 2nd Ed. Cary, NC: Institute S; 2006.

Laoué J, Fernandez C, Ormefio E. Plant flavonoids in mediterranean species: a focus on flavonols as protective metabolites under climate stress.
Plants (Basel). 2022;11(2):172. https://doi.org/10.3390/plants11020172 PMID: 35050060

Tripathy BC, Oelmiiller R. Reactive oxygen species generation and signaling in plants. Plant Signal Behav. 2012;7(12):1621-33. https://doi.
org/10.4161/psb.22455 PMID: 23072988

Jadidi M, Mumivand H, Nia AE, Shayganfar A, Maggi F. UV-A and UV-B combined with photosynthetically active radiation change plant growth,
antioxidant capacity and essential oil composition of Pelargonium graveolens. BMC Plant Biol. 2023;23(1):555. https://doi.org/10.1186/s12870-023-
04556-6 PMID: 37946108

Ralph J. Hydroxycinnamates in lignification. Phytochem Rev. 2009;9(1):65-83. https://doi.org/10.1007/s11101-009-9141-9

Nataraj N, Hussain M, Ibrahim M, Hausmann AE, Rao S, Kaur S, et al. Effect of altitude on volatile organic and phenolic compounds of Artemisia
brevifolia Wall ex Dc. from the Western Himalayas. Front Ecol Evol. 2022;10. https://doi.org/10.3389/fevo.2022.864728

Paige KN, Whitham TG. Overcompensation in Response to Mammalian Herbivory: The Advantage of Being Eaten. Am Natural. 1987;129(3):407—
16. https://doi.org/10.1086/284645

Lennartsson T, Tuomi J, Nilsson P. Evidence for an evolutionary history of overcompensation in the grassland biennial Gentianella campestris
(Gentianaceae). Am Nat. 1997;149(6):1147-55. https://doi.org/10.1086/286043 PMID: 18811268

Soininen EM, Brathen KA, Jusdado JGH, Reidinger S, Hartley SE. More than herbivory: levels of silica-based defences in grasses vary with plant
species, genotype and location. Oikos. 2012;122(1):30—41. https://doi.org/10.1111/j.1600-0706.2012.20689.x
Grant SA, Torvell L, Sim EM, Small JL, Armstrong RH. Controlled grazing studies on Nardus Grassland: Effects of Between-Tussock Sward

Height and Species of Grazer on Nardus utilization and Floristic Composition in Two Fields in Scotland. J Appl Ecol. 1996;33(5):1053. https://doi.
0rg/10.2307/2404685

Korzeniak J. Mountain Nardus stricta grasslands as a relic of past farming — the effects of grazing abandonment in relation to elevation and spatial
scale. Folia Geobot. 2016;51(2):93—113. https://doi.org/10.1007/s12224-016-9246-z

Carmona D, Lajeunesse MJ, Johnson MTJ. Plant traits that predict resistance to herbivores. Funct Ecol. 2010;25(2):358-67. https://doi.
org/10.1111/j.1365-2435.2010.01794 .x

Hilbert DW, Swift DM, Detling JK, Dyer MI. Relative growth rates and the grazing optimization hypothesis. Oecologia. 1981;51(1):14-8. https://doi.
org/10.1007/BF00344645 PMID: 28310302

Hunt L, Lhotakova Z, Neuwirthova E, Klem K, Oravec M, Kupkova L, et al. Leaf Functional Traits in Relation to Species Composition in an Arctic-
Alpine Tundra Grassland. Plants (Basel). 2023;12(5):1001. https://doi.org/10.3390/plants12051001 PMID: 36903862

Turley NE, Odell WC, Schaefer H, Everwand G, Crawley MJ, Johnson MTJ. Contemporary evolution of plant growth rate following experimental
removal of herbivores. Am Nat. 2013;181 Suppl 1:521-34. https://doi.org/10.1086/668075 PMID: 23598357

Agrawal AA, Hastings AP, Johnson MTJ, Maron JL, Salminen J-P. Insect herbivores drive real-time ecological and evolutionary change in plant
populations. Science. 2012;338(6103):113—6. https://doi.org/10.1126/science.1225977 PMID: 23042894

Pellissier L, Moreira X, Danner H, Serrano M, Salamin N, van Dam NM, et al. The simultaneous inducibility of phytochemicals related to plant direct
and indirect defences against herbivores is stronger at low elevation. J Ecol. 2016;104(4):1116—25. https://doi.org/10.1111/1365-2745.12580

PLOS One | https://doi.org/10.1371/journal.pone.0330638 September 10, 2025 9/9



https://doi.org/10.1007/s10886-005-7616-8
https://doi.org/10.1007/s10886-005-7616-8
http://www.ncbi.nlm.nih.gov/pubmed/16273431
https://doi.org/10.1111/j.1365-2745.2011.01814.x
https://doi.org/10.1111/ele.12253
http://www.ncbi.nlm.nih.gov/pubmed/24818235
https://doi.org/10.1111/plb.13776
http://www.ncbi.nlm.nih.gov/pubmed/39945121
https://doi.org/10.1111/ele.13422
https://doi.org/10.1111/ele.13422
http://www.ncbi.nlm.nih.gov/pubmed/31724320
https://doi.org/10.1073/pnas.2013344118
http://www.ncbi.nlm.nih.gov/pubmed/33431671
https://doi.org/10.3390/plants11020172
http://www.ncbi.nlm.nih.gov/pubmed/35050060
https://doi.org/10.4161/psb.22455
https://doi.org/10.4161/psb.22455
http://www.ncbi.nlm.nih.gov/pubmed/23072988
https://doi.org/10.1186/s12870-023-04556-6
https://doi.org/10.1186/s12870-023-04556-6
http://www.ncbi.nlm.nih.gov/pubmed/37946108
https://doi.org/10.1007/s11101-009-9141-9
https://doi.org/10.3389/fevo.2022.864728
https://doi.org/10.1086/284645
https://doi.org/10.1086/286043
http://www.ncbi.nlm.nih.gov/pubmed/18811268
https://doi.org/10.1111/j.1600-0706.2012.20689.x
https://doi.org/10.2307/2404685
https://doi.org/10.2307/2404685
https://doi.org/10.1007/s12224-016-9246-z
https://doi.org/10.1111/j.1365-2435.2010.01794.x
https://doi.org/10.1111/j.1365-2435.2010.01794.x
https://doi.org/10.1007/BF00344645
https://doi.org/10.1007/BF00344645
http://www.ncbi.nlm.nih.gov/pubmed/28310302
https://doi.org/10.3390/plants12051001
http://www.ncbi.nlm.nih.gov/pubmed/36903862
https://doi.org/10.1086/668075
http://www.ncbi.nlm.nih.gov/pubmed/23598357
https://doi.org/10.1126/science.1225977
http://www.ncbi.nlm.nih.gov/pubmed/23042894
https://doi.org/10.1111/1365-2745.12580

