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Abstract
1. Although sunlight is essential for plant growth and development, the relative importance of 

each spectral region in shaping functional traits is poorly understood, particularly in dynamic 

light environments such as forest ecosystems. 

2. We examined responses of 25 functional traits from groups of 11 shade-intolerant and 12 

understorey shade-tolerant forb species grown outdoors under five filter treatments differing in 

spectral transmittance: (1) transmitting c 95% of solar radiation (290-800 nm); (2) attenuating 

ultraviolet-B (UV-B); (3) attenuating all UV; (4) attenuating all UV and blue light; (5) 

attenuating all UV, blue, and green light. 

3. Our results show that UV-B radiation mainly affected the biochemical traits but blue light 

mainly affected the physiological traits irrespective of functional strategy, whereas green light 

affected both sets of traits. This would suggest that differentiation among suites of 

functional-trait responses proceeds according to light quality. Biomass accumulation was 

significantly increased by UV-A radiation (contrasting treatment (2) vs (3)) among 

shade-intolerant but decreased by blue light among shade-tolerant species: green and red light 

affected whole-plant morphological development differently according to functional groups. 

Shade-tolerant species were more plastic than shade-intolerant species in response to each 

spectral region that we examined except for UV-B radiation. 

4. Synthesis. Our results show that differences in the spectral composition of sunlight can drive 

functional trait expression irrespective of total irradiance received. The different responses of 

functional traits between functional groups imply that shade-tolerant and intolerant species 

have adapted to utilize spectral cues differently in their respective light environments. 

KEYWORDS: solar radiation; spectral composition; functional traits; phenotypical plasticity; 

shade tolerance; temperate forests; understorey species; light niche
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1 | INTRODUCTION

Sunlight is essential to life on Earth. It supports plant growth and productivity by supplying 

the necessary energetic input for photosynthesis, and directly and/or indirectly affects carbon (C), 

nutrient and water cycles in terrestrial ecosystems (Leuchner, Hertel & Menzel 2011). Sunlight in 

nature also provides cues for regulation of plant morphological, biochemical, and physiological 

traits: photoreceptors and plant pigments absorb the spectral regions of incoming solar radiation 

from ultraviolet (UV)-B (280–315 nm) to red light (600–700 nm), and through their response 

consequently modify ecosystem processes and diversity (Bornman et al. 2019). A better 

understanding of how sunlight controls plant traits is needed to accurately predict the response of 

ecosystem functioning to climatic change (e.g. changes in cloudiness, aerosols, and surface 

reflectivity), which is modifying the spectral composition of incident irradiance at the Earth’s 

surface (Barnes et al. 2019).

Effects of sunlight on plant traits vary according to received irradiance and its spectral 

composition, and mainly depend on the activation of a combination of photoreceptors. In the 

visible spectrum, blue light (400–500 nm) and red light are the two most-effectively utilized 

wavelength regions for plant photosynthesis (Abidi et al. 2013). Blue light stimulates several 

photoreceptors such as cryptochromes (CRYs), phototropins (PHOTs) and photoreceptors of the 

zeitlupe family (Casal 2000; Lin 2000), in a coordinated response to promote photosynthetic 

efficiency (Hogewoning et al. 2010). Red light affects the development of photosynthetic 

apparatus by stimulating phytochromes (PHYs) (Smith 2000). Green light (500–600 nm) can act 

as a shade signal antagonistically to blue light, and can potentially drive leaf photosynthesis and 

increase plant growth, supplementing the effect of red light, because of its higher penetration in 

the leaf mesophyll (Terashima et al. 2009; Smith, McAusland & Murchie 2017). In the UV 

spectrum, the portion of the UV-A radiation (315–400 nm) above 350 nm shares the same 

photoreceptors as blue light and similarly promotes phenolic metabolism (Wade, Sohal & Jenkins 

2003); whereas UV-A radiation below 350 nm and UV-B radiation are sensed by UVR8 (UV 

RESISTANCE LOCUS8) which regulates plant UV-B acclimation (e.g. flavonoid accumulation) 

(Casati et al. 2011; Rai et al. 2019) and may promote cross-resistance to multiple stresses (Jansen 

et al. 2019).

Since plants simultaneously receive light from multiple wavelength regions under ambient 

sunlight conditions, all these responses are likely to be coordinated through crosstalk between A
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different photoreceptors which share a common set of signalling components (Casal 2000; Rai et 

al. 2019). Such integration may contribute towards optimising plant acclimation to changes in 

light environments, and to increase fitness, when one cue does not provide sufficient information 

to unequivocally define the environment and another one resolves this ambiguity (Casal & Qüesta 

2018). For instance, red light as a component of the solar spectrum increases photosynthesis and 

growth, but growth under monochromatic red light may result in low photosynthetic capacity, low 

maximum quantum yield of photosystem II (Fv/Fm) and LMA, and impaired growth rate 

(Hogewoning et al. 2010). 

The effects of each spectral region have been intensely studied in molecular and horticultural 

contexts. These studies showed that responses of plants to single spectral regions can be utilized to 

enhance crop production and nutritional value (Hogewoning et al. 2010; Casati et al. 2011; 

Morales et al. 2013; Brelsford et al. 2019; De Almeida, Herrera & Tezara 2019; O'Hara et al. 2019; 

Rai et al. 2019). In this respect, UV-B radiation has received particular attention as the main 

regulator of phenolic-compounds accumulation in plants (Agati & Tattini 2010), but lately 

evidence from experiments filtering the solar spectrum confirm that UV-A radiation and blue light 

are also important regulators of a suite of leaf biochemical traits overlapping with the UV-B 

response (Siipola et al. 2015; Rai et al. 2019). However, the extent to which these responses seen 

in lab or greenhouse studies persist in plants growing under ambient sunlight in an ecological 

context is uncertain, particularly for species growing in dynamic light environments such as forest 

understorey.

In temperate deciduous forests, understorey spectral composition varies greatly over the year 

and even during the day, due to sun angle, canopy phenology, and wavelength-selective 

absorption and reflection of photons by overstorey leaves (Leuchner, Hertel & Menzel 2011; 

Hartikainen et al. 2018). To cope with such heterogenous light availability, it is expected that 

understorey species may have evolved light-dependent plasticity (the environmentally induced 

shift in a phenotype) (Schlichting & Pigliucci 1998; Benito Garzón, Robson & Hampe 2019). 

Several studies reported that understorey species acclimate to light conditions through adjustments 

of their traits related to leaf morphology (Kitajima & Poorter 2010), biochemistry (Niinemets & 

Kull 1998), physiology (He et al. 2019), plant architecture (Pearcy, Muraoka & Valladares 2005), 

and biomass allocation (Westerband, Horvitz & Gilliam 2017). There is conclusive evidence that 

although overall plasticity is generally lower in shade-tolerant species than shade-intolerant 

species, their traits are optimized for light capture (e.g. leaf morphology and chlorophyll content) A
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(Valladares et al. 2000; Niinemets & Valladares 2004; Portsmuth & Niinemets 2007). 

Shade-intolerant species rely on enhanced physiological plasticity in utilizing captured light 

efficiently (e.g. net assimilation rate) in homogenous conditions (Valladares et al. 2002b; Riikonen 

et al. 2016). Most of these studies have focused on effects of visible light intensity and/or red to 

far-red ratio (R/Fr). However, others such as blue: red (B:R) and blue: green (B:G) light ratios also 

distinctly decrease from the overstorey to understorey due to the higher proportion of blue light 

absorbed than red and green light (Navrátil et al. 2007). By failing to consider all of the changes in 

spectral composition involved in sun-shade transitions, the results of these studies may potentially 

either over- or under- estimate the effects of spectral composition on understorey plant 

performance. For instance, the leaf morphology of shade-intolerant shrubland species from 

light-saturated habitats tend to lack plasticity to visible light relative to species from forest 

understories (Power et al. 2019); whereas shade-tolerant cocoa (Theobroma cacao) plants have 

higher plasticity in physiological and biochemical traits than morphological traits (De Almeida, 

Herrera & Tezara 2019). A recent meta-analysis of plant responses to irradiance for 70 traits in 

760 plant species shows that differences in plasticity between shade-tolerant and -intolerant 

species are generally small when considered over the entire range of trait responses to light 

(Poorter et al. 2019). Plasticity of plant-trait response to variation in composition of the solar 

spectrum from UV-B to red is still relatively unstudied in this context. The relative irradiance in 

these regions of the spectrum is strongly modified both by changes in the immediate environment 

(e.g. cloud cover) and the surrounding plant canopy, but the effect of these compositional shifts on 

plant traits is poorly understood.

The present study examines the role of solar radiation and its spectral composition in shaping 

plant traits. Forb species representing two plant functional types with different light capture 

strategies were selected: 11 common shade-intolerant species (widespread in open areas) and 12 

shade-tolerant species (from forest understories). Our interest in the understorey herbaceous layer 

derives from its high species diversity and important contribution to ecosystem functioning and 

services in temperate forest ecosystems (Kumar et al. 2018). This study aims to answer three 

questions: 1) How are plant functional traits in shade-tolerant vs. intolerant species affected by 

specific regions of the solar spectrum which change with the spectral composition of sunlight in 

different environments? 2) Which functional traits respond with the greatest plasticity to spectral 

changes in sunlight? To answer these questions, we tested the hypothesis that, in terms of 

functional-trait values, those longer wavelength regions of the solar spectrum that we considered A
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(i.e. green or red) affect leaf and whole-plant morphology, whereas the shorter wavelength regions 

(e.g. UV-B, UV-A and blue) determine biochemical and physiological traits; as inferred from the 

functions of the respective photoreceptors for these regions. The red/far-red ratio is not considered 

here, since it has already been studied in much greater detail than these shorter-wavelength regions. 

At the functional-strategy level, shade-tolerant species are adapted to shaded understorey 

conditions, in which blue light is depleted, and have traits to maximize light capture under 

light-limiting conditions; while shade-intolerant species may be adapted to a wider spectral range 

and have mechanisms to avoid shade and cope with excessive irradiance. From our experimental 

comparison, we can judge the phenotypic plasticity of these responses across a range of realistic 

spectral compositions that might be found between full sun and deep understorey shade.
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2 | MATERIALS AND METHODS

2.1 | Plant species and seedling preparation 

We selected 23 widespread common forb species from the two functional groups (see species 

list in Table S1), 11 shade-intolerant species (or light-demanding species) inhabiting open areas, 

and 12 shade-tolerant species naturally growing in the understorey in Ogawa Forest Reserve; a 

temperate forest dominated by Quercus serrata, Fagus japonica, and F. crenata, in the southern 

part of the Abukuma Mountains of central Japan (36°56'N, 140°35'E, elevation 610 to 660 m asl). 

Seeds of shade-intolerant species were collected from Tsukuba Botanical Garden, National 

Museum of Nature and Science, Tsukuba, Japan (36°00′N, 140°08′E), and those of shade-tolerant 

species from Ogawa Forest understorey. Seeds were collected from around 5–10 similarly healthy 

individuals per species, separated distant from each other by at least 2 m. Seeds were dried at 

room temperature and stored at 4 °C until germination.

Following our preliminary experiment, seedlings of shade-tolerant and -intolerant species 

were prepared according to their mode of reproduction. Only two shade-tolerant species 

(Cryptotaenia canadensis subsp. japonica and Leucosceptrum stellipilum var. radicans) 

germinated sufficiently, thus we directly collected field seedlings for the remaining 10 

shade-tolerant species from Ogawa Forest Reserve on 23 May 2018. Young plants of similar size 

with maximum 3 leaves were selected from 10 different forest patches (30 × 20 m in size, 

approximately 20-m distance from each other), between 8-10 individuals of each species per patch. 

Seedlings were carefully excavated with soil avoiding root damage, and gently put into moist 

seedling trays. They were then transported to a greenhouse of the Forestry and Forest Products 

Research Institute (FFPRI), Tsukuba (36°00′N, 140°08′E), and transplanted into pots with volume 

of 438 cm3 (9 × 7.6 × 6.4 cm) in trays (51 × 31 × 5.3 cm) on 24 May 2018. They remained under a 

mesh with a shade ratio of approximately 90% for a 30-day light-acclimation period. Pots were 

filled with a soil mixture of compost soil, vermiculite, kanuma soil, and pumice [6:1:2:1(v/v)], and 

kept equally moist by watering from beneath through the trays. 

Prior to sowing of those species grown from seed, the seeds had been vernalized on wet filter 

papers for 4 days at 4 °C (in the dark). Seeds were sown on 25 May 2018 into pots in the same 

greenhouse, but without the shade mesh in ambient sunlight. All of trays were randomly rotated 

once a week to ensure that there were no initial differences in seedling size. Water was added to A
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trays every 3 days, and nutrients were supplied once a week with a commercial liquid fertilizer 

(N–P–K = 6–10–5%, HYPONEX, Japan) (diluted concentration of 1.2 mL/L, 7.5 mL/pot).

2.2 | Design of the spectral attenuation experiment 

The spectral attenuation experiment was performed in a large unshaded common garden at 

FFPRI. Five spectral irradiance treatments were created by using specific plastic filters mounted 

on frames transmitting radiation: (i) >280 nm, with a fully transparent polythene film (0.05 mm 

thick, 3904CF; Okura, Marugame, Japan), transmitting approximately 95% of the whole solar 

spectrum; (ii) >315 nm, attenuating UV-B radiation (280-315 nm; 0.125-mm-thick polyester film, 

Autostat CT5; Thermoplast, Helsinki, Finland); (iii) >400 nm, attenuating all UV radiation 

(280-400 nm; 0.2-mm-thick Rosco E-Color 226 filter, Westlighting, Helsinki, Finland); (iv) >500 

nm, attenuating all UV and blue wavelengths (280-500 nm; 0.20-mm-thick Roscolux Supergel 

312 filter); (v) >580 nm, attenuating all UV radiation and blue–green (BG) wavelengths (280-580 

nm; 0.2-mm-thick Rosco E-Color 135 Deep Golden Amber filter) (Fig. 1).

The filters were attached to 1.2 × 1.0 m wooden frames at approximately 20° inclination, 

facing south. Additional filter pieces were attached to the East and West sides of frames as 

curtains, attenuating solar radiation early and late in the day. Filter height was adjusted to keep 

them suspended approximately 20-cm above the upper leaves of seedlings throughout the 

experiment. Spectrally neutral shade mesh of different transmittance ratios was added below the 

filters to ensure that seedlings received equivalent photosynthetically active radiation (PAR) 

irradiance across different treatments. The average PAR, determined using a quantum sensor 

(LI-190, Li-Cor Biosciences Inc, Lincoln, NE, USA), was 86% lower than ambient sunlight under 

each frame (Table S2). This reduction in irradiance may decrease photoinhibition and 

photodamage to shade-tolerant species, and consequently make it easier for us to distinguish 

potential treatment effects rather than damage due to high irradiance. 

The solar spectrum was measured under each filter, before and after affixing the shade mesh, 

under an almost completely clear sky at solar noon using a spectroradiometer (USR- 45DA; 

USHIO, Tokyo, Japan). (Fig. 1b, c). Biologically effective UV doses were calculated using five of 

the most relevant biological spectral weighting functions (BSWF), and spectral irradiances were 

calculated with R package ‘photobiologyUV’ (Aphalo, Kotilainen & Davis 2019) (Table S2). The 

spectral irradiance under each frame was checked during the experiment to ensure that all filters 

retained their specified spectral attenuations until the end of the experiment using a Maya 2000 A
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Pro array spectrometer (Ocean Optics Inc., Florida, USA), recently calibrated for maximum 

sensitivity in the solar UV and PAR regions of the spectrum (same device used in Hartikainen et 

al., 2018). 

The whole experiment was laid out in four replicate randomised blocks of filters, giving 20 

filter-frames in total (Fig.1a). In total 575 similar-sized seedlings (one individual per pot) from 23 

species were used in the experiment. 25 individuals per species (four individuals plus one spare 

per treatment), were randomly selected and divided among the 20 filter-frames on 23 June 2018. 

Under the center of each frame, all plants were placed in two trays (51 × 31 × 5.3 cm) on a 

wooden shelf, which meant that exposure to diffuse solar radiation around the sides of the filters 

was minimal (the border was 20 cm). The position of the pots was randomly rotated once a week 

to ensure that all seedlings grew in similar light conditions throughout the experiment. Water was 

automatically supplied using a purpose-built sprinkler system twice a day (once at 8:00 am and 

7:00 pm for 60 s). Nutrients were supplied with a HYPONEX liquid fertilizer (1.2 mL/L, 7.5 

mL/pot) once a week. Any dead individuals for each species and each treatment were noted and 

removed, and species mortality was calculated accordingly.

2.3 | Environmental variables 

Ambient PAR, UV-B, and UV-A radiation were continuously measured and integrated over 

15-min intervals using a quantum sensor (LI-190SA; LI-COR, Lincoln, NE) and two broadband 

UV-Cosine sensors (UV-B and UV-A) (sglux GmbH, D-12489 Berlin, Germany) respectively, 

recorded with a data-logger (LI-1400; LI-COR). Air temperature was recorded at 30-min intervals 

using a HOBO H8 Pro temperature logger (Onset Computer Corporation, Bourne, Massachusetts, 

USA), which was suspended approximately 20-cm above the pots. The air temperature from the 

habitat of species origins were also recorded in the understory and open environments in Ogawa 

Forest Reserve, to compare the habitat of shade-tolerant and intolerant species.

2.4 | Measurements of leaf optical properties, seedling morphology, and growth rate

Leaf optical properties were examined under clear-sky conditions on sunny days on the 

newest fully expanded full–sun leaf, mid-way through the experimental period (39 days from the 

experiment’s start), when seedlings were actively growing. The contents of leaf adaxial epidermal 

flavonols, anthocyanins, and leaf Chl per leaf area were assessed non–destructively, using the 

Dualex Scientific+ (FORCE-A, Orsay, France) under sunny clear-sky conditions around solar noon A
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(Goulas et al. 2004). Meanwhile, the same measurements were also done in ten of the studied 

species (species code I01, I09, T02~04, T06~08, T11~12 in Table S1) growing in their native 

environment (the number of measured individuals per species was 5-10), in order to compare their 

optical properties with plants growing in the common garden. The quantum yield of photosystem 

(PSII) after dark adaptation (Fv/Fm) and under the ambient sunlight (Fq/Fm`) was measured using a 

portable Mini–PAM fluorometer (Heinz-Walz, Effeltrich, Germany) (Murchie & Lawson 2013). 

Prior to Fq/Fm` measurement, a darkening clip was placed on the leaf for 1 hour to allow dark 

acclimation. All measurements were performed under clear-sky conditions on sunny days, in the 

morning at 9:00 –11:00 am and around solar noon at 1:00–3:00 pm.

Stem diameter, plant height, and crown spread (defined as the average lengths of two longest 

perpendicular spreads from edge to edge across the crown) were measured immediately prior to 

the experiment (23 June 2018), the half-way through (1 August 2018), and towards the end of the 

experiment (23 August 2018). Relative growth rate (RGR) was calculated (Oguchi, Hiura & 

Hikosaka 2017) as: 

RGR = [ln(D j
2  H j ) - ln(Di

2  H i )]/(T j - Ti )

, where D is the stem diameter, H is the seedling height, T is the time (day) and the subscripts ‘i’ 

and ‘j’ indicate the ith and jth day, respectively. 

2.5 | Measurement of leaf traits and biomass

The plant traits listed in Table 1 were measured for each individual. Fully expanded sun leaves 

(2–4 leaves per individual) were collected under clear-sky conditions on a sunny day (27 August 

2018) for biochemical and physiological measurements. After scanning, leaf samples were 

freeze-dried (FDU–1200, EYELA, Tokyo, Japan) for 16 h. After grinding into a fine powder, leaf 

nitrogen (N) and carbon (C) concentrations were determined using an elemental analyser (Vario 

MAX cube, Hanau, Germany). The Folin-Ciocalteu Method was used to determine the 

concentration of total phenolics using tannic acid as a standard curve (Waterman & Mole 1994). A 

proanthocyanidin assay was used to determine the content of the condensed tannins with a 

standard curve prepared using cyanidin chloride, a commercially available anthocyanidin 

(Julkunen-Tiitto 1985). An improved acetyl-bromide procedure (Iiyama & Wallis 1990) was used 

to determine the lignin content, and the concentration of lignin was calculated from the fitted 

calibration curve (Fukushima & Hatfield 2001). A
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Another equivalent pair of leaves were sampled for measuring leaf morphological traits on 28 

August 2018. After scanning, leaf area, leaf and petiole length were calculated 

using Fiji software (www.fiji.sc, ImageJ). Leaf mass per area (LMA) was determined based on 

leaf area and oven-dried weight of scanned leaves. Leaf toughness was measured at the middle 

point of the lamina, avoiding the main veins, using digital force gauge (DS2-50 N, IMADA, 

Toyohashi, Japan) together with a flat-ended cylindrical steel punch (2 mm in diameter). Plant 

organs (leaf, stem, root) were separated at the final harvest (29–31 August 2018). All leaves of 

each individual were scanned and total leaf area (TLA) was calculated including the leaves 

sampled for trait measurements. Leaf dry mass for biochemical and physiological measurements 

was determined according to the calculated LMA. the Aboveground- (ABDM), belowground- 

(BEDM), and total-plant dry mass (TDM) were measured after dried at 60 °C for 48 h. 

Measurement were not made of leaf traits and biomass for those shade-tolerant species where too 

many individuals died during the experiment to obtain a representative sample for these traits (see 

species mortality and measured trait list in Fig. S3).

2.6 | Statistical analyses

For each functional trait (Table 1), linear mixed effect models (LME) were fitted with 

treatment and functional group (shade tolerant or intolerant species), and their interaction as fixed 

factors, and species and blocks as random grouping factors to reduce effects of plant size and 

frame position, using the nlme package (Pinheiro and Bates 2000). For this analysis, we used data 

from each individual plant, alive at the time of measurement. Data from the 1st measurement were 

retained in the analyses for those species that by time of the 2nd measurement had died. When the 

main treatment effect or interaction between treatment and functional group was significant (P < 

0.05), pairwise contrasts were used to further analyse the effects of specific wavelength regions 

(function glht, R package multcomp, Hothorn et al. 2008). The contrasts between the 

treatments: >315 nm vs >280 nm, >400 nm vs >315 nm, >500 nm vs >400 nm, >580 nm vs >500 

nm, give the effect of UV-B, UV-A, blue light and green light, respectively; while the 

contrasts >400 nm vs >280 nm and >580 nm vs >400 nm, give respectively the effect of UV, and 

blue and green (BG) light together; the contrast >580 nm vs >280 nm gives the effect of the 

spectrum from UV-B to green light (UV-BG). Benjamini-Hochberg (BH)’s methods (Benjamini 

and Hochberg 1995) was used to correct these P values for multiple comparisons. For contrasts α 

= 0.10 was used. Unpaired T-tests were used to analyse the difference in optical properties of the A
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studied species between natural and common-garden conditions.

The plasticity of traits for each species and treatment was calculated using a plasticity index 

(PI) = |(Xi – Xj) / sqrt(Xi * Xj)| (Chan 2016). When making a contrast comparison, e.g. for UV-B 

effects, Xi is the mean value of a given trait (X) of a species from one treatment , i, (e.g. >315 nm), 

and Xj is the mean value of the same trait of the same species from the other treatment, j. 

(e.g. >280 nm). The index offers the benefit that plasticity can be compared on the same scale 

across traits with a wide range of values, because PI is normalized based on the geometric mean. 

Response ratio was calculated using the natural log of the ratios for a contrast for each species. 

LME models were used to analyse effects of the trait category and spectral region on PI and 

response ratio, with the trait as a random factor; and effects of spectral region and functional group 

on plasticity of the pooled data, with species and traits as random factor. Furthermore, 

phylogenetic signals (Blomberg et al., 2003) were calculated to test whether the response ratio of 

traits and spectral treatments are more similar for related species using phytools package version 

0.6-99 (Revell, 2012).

Partial redundancy analysis (pRDA; Legendre and Legendre 2012) was used to map the 

relative effects of spectral irradiance treatments (the actual irradiance measured under the filter 

and mesh) on plant traits based on data for each individual, with species as covariables, using the 

vegan package (Oksanen et al. 2018). Statistical significance was analysed by the Monte Carlo 

permutation methods and Bonferroni’s test (permutations=999 times, P < 0.05). Data were log 

transformed, and response variables were centred and standardised prior to the analysis. All 

statistical analyses were performed in R version 3.5.2 (R Core Team 2018). 
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3 | RESULTS

3.1 | Growth conditions and mortality 

The growth conditions in the summer season were characterized by strong sunlight and high 

temperature. Across the experimental period, 68% of the days reached high ambient irradiance 

(PAR > 1500 µmol m-2 s-1) (Fig. S1); while the daily mean and maximum air temperature were 

around 29.3 and 40.0 °C, respectively (Fig. S2). These temperatures were slightly higher than 

those in the field habitat from which our shade-intolerant species grow (23.5 and 32.2 °C, 

respectively), but were much higher than the habitat of our shade-tolerant species (21.9 and 

25.4 °C, respectively) (Fig. S2). Such high temperature conditions may have partially confounded 

our treatment effects on plant survival, and caused leaf traits and biomass sampling at the final 

harvest to be impossible for 6 shade-tolerant species due to high mortality (Fig. S3).

  

3.2 | Responses of functional traits to spectral irradiance

Most biochemical and physiological traits were significantly affected by the treatment, and some 

traits (flavonols, anthocyanin, Chl, Fq/Fm’, and Fv/Fm) were also affected by functional group, while 

the interaction was not significant (main effects of treatments and functional groups, Table 2). The 

further contrast analysis indicates that leaf contents of total phenolics and flavonols were significantly 

reduced, and lignin increased with the attenuation of UV-B, while condensed tannins were reduced by 

the attenuation of green light (Table 2; Fig. 2a-d); these effects were generally greater per unit of leaf 

area than per mass (Fig. S4 a-c). Anthocyanin content significantly increased and Fq/Fm’ decreased 

when blue light was attenuated (Fig. 2e, i). The attenuation of green light not only affected 

biochemical traits, such as decreasing the contents of phenolics, lignin, and tannin, but also drove 

physiological traits, e.g. decreasing N concentration and increasing C/N ratio (Fig. 2g, h). In addition, 

flavonol content for shade-intolerant species was lower in the experiment than in the field, but 

conversely it was higher for shade-tolerant species, while Chl and anthocyanin content tended to 

be similar between growing conditions (Fig. S5).

Leaf morphological traits were significantly affected by the treatment, with the exception of 

leaf toughness; this effect was consistent between functional groups (Table 2, Fig. 2). LDMC was 

significantly reduced by the attenuation of green light, and LMA by the attenuation of UV-B and 

green light (Fig. 2m, n). 

The whole-plant morphological traits, except for stem diameter, varied significantly A
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depending on treatments and functional groups; the interaction effect was significant for TLA 

(Table 2, Fig. 2). The attenuation of UV-B radiation reduced TLA by 30% in shade-tolerant 

species, but not in shade-intolerant species (Fig. 2q). Petiole length of both functional groups 

increased when blue light was attenuated (Fig. 2p). Crown spread was significantly reduced by the 

attenuation of green light on the first measurement date, and by attenuation of UV-B radiation at 

the final harvest (Fig. S4e; Fig. 2r). 

Growth and allocation were significantly affected by the treatments (except for RGR) and the 

effect on growth-related variables depended on functional group (Table 2). The three DM 

variables (ABDM, BEDM, and TDM) were generally reduced by the attenuation of UV-A 

radiation, and also BEDM by the attenuation of UV-B radiation, for shade-intolerant species, but 

were increased by the attenuation of blue light for shade-tolerant species (Fig. 2 u-w). 

Overall, the attenuation of multiple regions (UV and UV-BG) of the solar spectrum had 

pronounced effects on traits, while the attenuation of the BG region tended to have a weak effect 

on leaf and the whole-plant morphology, and growth (Table 2). Traits related to growth and the 

whole-plant morphology were the most responsive: they responded negatively to the attenuation 

of UV-B and UV-A radiation, and positively to the attenuation of blue/green light (Fig. S6). The 

extent of these responses was greater in shade-tolerant than shade-intolerant species. Furthermore, 

none of the studied functional traits showed significant phylogenetic signals for the responses to 

spectral treatments, except for that of Fq/Fm` to UV-A effects and that of Fv/Fm to all contrasts 

(Table S3).

3.3 | Phenotypical plasticity of functional traits to selective attenuation of spectral irradiance

Plasticity (PI) to the attenuation of each spectral region varied significantly depending on 

functional groups, traits, and their interaction in most cases (Fig. 3). In response to the attenuation 

of UV-B and UV-BG regions, the whole-plant morphology (particularly petiole length), leaf 

morphology (e.g. leaf toughness), DM, R/S, total phenolics, and tannins tended be more plastic for 

shade-intolerant than shade-tolerant species (Fig.3a, g; Fig. S7). In response to the attenuation of 

UV-A, green, UV, and BG regions, the PI in shade-tolerant species attained values similar to, or 

even-higher than, those of shade-intolerant species, e.g. for height, RGR, physiological (e.g. Fv/Fm, 

Fq/Fm’, and Chl) and biochemical traits (anthocyanin, total phenolics) (Fig. 3b, d-f; Fig. S7). Such 

responses to the attenuation of blue light were significantly affected by the interaction between 

traits and functional groups (Fig. 3c).A
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PI was significantly affected by spectral region, functional group and their interaction, when 

all traits were pooled (Fig. 3h). The overall trends indicate that shade-intolerant species were more 

plastic to the attenuation of UV-B and UV-BG regions than shade-tolerant species, but less plastic 

to the remaining regions.

3.4 | The relative effects of different spectral regions on functional trait expression

Variation in all traits was significantly driven by spectral composition but differed 

according to functional group (Table S4; Fig. S8). For shade-intolerant species, UV-A radiation 

and unattenuated PAR (mainly red light) had the greatest effects among spectral regions (Fig. 4a; 

Fig. S9a): the former had a positive effect on most studied traits (especially crown spread, 

flavonols, leaf morphology, and dry mass), but a negative effect on anthocyanins, Fv/Fm, and 

petiole length; while the latter had the opposite effects to UV-A radiation on these traits. 

Significant effects of UV-B radiation and blue light were detected for shade-tolerant species, with 

the two regions having synergistic effects on most plant traits; except for DM, TLA, and lignin 

where their effect was antagonistic (Fig. 4b; Fig. S9b). In addition, although red light was not 

selected for shade-tolerant species in the Monte Carlo permutation test (Table S4), it appeared to 

counter-balance the effect of blue/green light (Fig. S9b).

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

4 | DISCUSSION

4.1 | General patterns of plant-trait response to spectral regions 

All of the spectral regions of solar radiation attenuated in our experiment, spanning from 

UV-B to green light, had the capacity to strongly affect a wide range of plant traits and that many 

of these effects were dependent on plant functional strategy for light capture (Table 2). By 

contrasting the general patterns of trait variation among spectral attenuation treatments, we found 

that most traits responses for shade-intolerant species were driven by UV-A radiation and by PAR 

beyond the regions our filters attenuated (mainly red light); while those of shade-tolerant species 

were driven by UV-B radiation and blue light which had synergistic effects on most plant traits 

(Fig. 4; Fig. S9). This dichotomy might reflect the difference in light-environments in the original 

habitats of the two functional groups, rather than phylogenetic relatedness among the studied 

species (Table S3). In forest understoreys there are typically drastic fluctuations in light intensity 

and spectral composition over short time periods compared with open habitats. The interception of 

sunlight by the forest canopy reduces its transmission passing from the overstorey to understorey. 

Understorey leaves may receive 50–300 sunflecks per day (most lasting < 10 s) (Pearcy & Calkin 

1983). Moreover, canopy leaves differing in optical properties (sun vs. shade leaves) preferentially 

absorb red light, and even more so blue light (Hertel et al. 2012). Therefore, understorey species 

face light conditions with a modified spectrum including not only lower R/FR ratio, but also 

reduced blue: red (B:R) and blue: green (B:G) light ratios relative to the overstorey and open areas 

(Navrátil et al. 2007; Hertel et al. 2012). UV-B radiation is enriched in forest understorey shade 

relative to PAR due to its greater scattering by the atmosphere (Brown, Parker & Posner 1994; 

Flint & Caldwell 1998; Hartikainen et al. 2018). In comparison, shade-intolerant species living in 

open habitats tend to receive a relatively stable spectral composition (particularly in UV-A and 

PAR); beyond the transient effects of albedo, atmospheric features (e.g. clouds and aerosols) and 

time-of-day (e.g. at twilight).

4.2 | Spectral regions are important in shaping plant functional trait expression 

As we hypothesized, plant functional trait expression was particularly affected by the 

attenuation of short-wavelength radiation, but different sets of traits predominately responded to 

different regions within this range. Hence, UV-B radiation mainly affected traits related to 

biochemistry (e.g. total phenolics, flavonols, and lignin), whereas blue light mainly affected A
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physiological traits (e.g. N content and Fq/Fm’) (Table 2; Fig. 2). Notably, green light tended to 

affect both these sets of traits, as well as driving whole-plant traits (e.g. crown spread) and leaf 

morphology (e.g. LMA) (Table 2; Fig. 2). The lack of significant interaction (except for TLA and 

biomass allocation) between treatments and functional groups suggested that the effect of spectral 

regions might be inherently similar between shade-intolerant and -tolerant species. However, the 

scale of this response tended to differ between the two groups, indicated by the significant effect 

of functional group on some components of each suite of traits (Fig. 2). 

Although we created a similar set of spectral manipulations to previous studies (Siipola et al. 

2015; Rai et al. 2019), those studies focussed on just a couple of model or horticulture species 

which do not necessarily reflect the diversity of plant-trait responses to spectral regions according 

to species functional strategies. Biochemical traits, particularly total phenolics and flavonol 

contents, significantly decreased in response to the attenuation of UV-B radiation (Table 2, Fig. 2). 

These trends agree with previous findings that accumulation of secondary metabolites is one of the 

most ubiquitous responses to UV-B radiation (Mazza et al. 2000; Searles, Flint & Caldwell 2001), 

regulated by UVR8 (Morales et al. 2013; Jenkins 2017). However, we did not find evidence that 

these compounds responded to the attenuation of UV-A/blue light, which are also known to 

regulate phenolic compound accumulation through CRYs in model plants (Siipola et al. 2015; 

Brelsford et al. 2019; Rai et al. 2019). Among physiological traits, there was a distinct decrease in 

N content in response to the attenuation of blue light, while Chl content only decreased slightly, 

consistently with the response reported in other field experiments, e.g. in Scots pine (Sarala et al. 

2009). Compared with model plants, wild species have adapted a set of traits appropriate for the 

characteristic spectral regions and/or other environmental factor defining their habitats (Oguchi et 

al. 2017; Wang et al. 2016). The responses of wild species therefore may not always correspond to 

the spectral responses attributable to photoreceptors identified from studies under controlled 

conditions with model species.

Whole-plant morphology, especially TLA, and biomass allocation significantly differed 

between our two functional strategies depending on spectral region (Table 2). Such differentiation 

indicates that the most important difference between shade-tolerant and -intolerant species may 

not be in their biochemical and physiological traits, but in the efficiency of their light interception 

and resultant carbon assimilation, giving them a selective advantage in those light environments 

associated with their respective habitats. For instance, the key light-capture trait TLA of 

shade-tolerant species was reduced by the attenuation of UV-B (part of the spectrum that is A
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relatively enriched in forest understoreys as discussed above); but with respect to shade-intolerant 

species, both UV-B and PAR irradiances in our treatments were relatively low compared to open 

habitats. Hence, expanding crown spread would contribute to light capture (Liu et al. 2018). 

Furthermore, biomass accumulation was significantly decreased by the attenuation of UV-A 

among shade-intolerant but increased by the attenuation of blue light among shade-tolerant species 

(Table 2, Fig. 2), which may reflect their light utilization strategies. Shade-tolerant species does 

not necessarily adopt a strategy which maximizes growth or light interception as shade-intolerant 

species typically do (Power et al. 2019). Although blue light is valuable to plants for improving 

photosynthetic performance (Hogewoning et al. 2010), it is also involved in multiple signaling 

pathways which themselves demand carbon (e.g. stomatal opening) (Huche-Thelier et al. 2016). 

Shade-intolerant species need to maximize light capture even utilizing UV-A radiation when 

growing under low irradiance, facilitated by accumulating less flavonoids and allowing greater 

penetration of UV-A to the mesophyll (Turnbull, Barlow & Adams 2013).

We found some functional traits to be regulated by multiple spectral regions, not only those 

corresponding to our expectations. For instance, N content and biochemical accumulation (e.g. 

total phenolics and tannin) decreased in response to the attenuation of green light, suggesting a 

role of green light in promoting photosynthetic capacity and biochemical responses. Green light 

generally penetrates deeper into the leaf mesophyll than blue and red light (Terashima et al. 2009) 

and may contribute to the optimization of resource-use efficiency and plant productivity in the 

forest understorey, where green light is relatively enriched. The combined effects of multiple 

regions can be synergistic or antagonistic (Table 2), perhaps due to the overlapping action spectra 

of photoreceptors. It is well documented that CRYs absorption spectrum spans from UV to green 

light (280-600 nm) (Banerjee et al. 2007) and overlaps potentially with UVR8 (280-350 nm) 

(O'Hara et al. 2019), PHOTs (315-500 nm) (Briggs & Huala 1999), and PHYs (300-780 nm) 

(Shinomura et al. 1996). However, the way that multiple regions of the spectrum combine to 

produce plant trait responses in the field is yet to be well described. Specifically, in our study the 

“UV effect” tended to be distinct from UV-B and UV-A radiation, implying that both spectral 

regions affect plant traits in the same direction under relatively low irradiance (Table 2). A 

possible explanation for this is that the UVR8 action spectrum extends through the UV-B into the 

UV-A region (Morales et al. 2013). On the other hand, the interactive effect between blue and 

green light is complex. Green light has similar photomorphogenic effects on plants to those 

mediated by CRYs under blue light, which generally acts as a ‘sun-type’ cue (Bouly et al. 2007). A
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In contrast, green light can also have reversible effects acting as ‘shade’ cues, mediated by 

uncharacterized green-light photoreceptors (Smith, McAusland & Murchie 2017). It follows that 

the characteristic effects we found of blue and green regions individually were apparent in some 

biochemical and physiological traits, but not others (e.g. anthocyanin, crown spread, and LMDC), 

as indicated by the inconstant ‘BG’ effect among traits (Table 2). Previous studies have obtained 

similar results, for instance, green light antagonizes blue light-stimulated anthocyanin synthesis 

(Banerjee et al. 2007) and petiole elongation (Zhang, Maruhnich & Folta 2011).

4.3 | Differences in plasticity to spectral regions between functional groups

Overall, plasticity was lower in shade-tolerant species than shade-intolerant species in 

response to the spectrum of sunlight (UV-BG region in Fig. 3h), consistent with the conclusions of 

many preceding studies (Valladares et al. 2002a; Niinemets & Valladares 2004; Riikonen et al. 

2016). However, considering light quality, the plasticity of shade-tolerant species was 

significantly higher than that of shade-intolerant species in response to the attenuation of single 

regions (UV-A, blue and green light) except for UV-B radiation (Fig. 3h; Fig. S7). This implies 

that shade does not represent a stress for understorey species that are adapted to low light 

conditions, a finding that diverges from previous studies that follow the resource limitation 

hypotheses (Valladares et al. 2000; Valladares et al. 2002a; Niinemets & Valladares 2004; 

Portsmuth & Niinemets 2007; Riikonen et al. 2016). To the best of our knowledge, this study is 

the first to report spectral region-dependency of plasticity between species representing two 

contrasting functional strategies for light capture.

Plasticity to spectral regions may confer a selective advantage on shade-tolerant species, but 

be unnecessary for shade-intolerant species. As discussed above, in forest understoreys both light 

quantity and quality are dynamic, varying between canopy shade (enriched in green light) and 

brief sunflecks (comparatively high blue light) (Leuchner, Hertel & Menzel 2011; Hartikainen et 

al. 2018). High physiological plasticity to specific spectral regions offers understorey plants the 

potential to use the rapid changes in spectral composition as cues in the dynamic understory light 

environment, allowing efficient utilization of sunflecks (Pearcy 1994; Way & Pearcy 2012), e.g. 

rapid photosynthetic activation and stomatal opening in response to blue light. Similar results were 

reported for open-area species and understorey species across forest–shrubland boundaries, with 

the former being less plastic (Power et al. 2019). Furthermore, Lei and Martin (1998) found that 

overstorey species responded consistently to changes in total irradiance rather than light quality A
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(R/Fr ratio) (Lei & Lechowicz 1998). However, we report one exception that shade-intolerant 

species were plastic to UV-B (Fig. 3h). This exception may be related to the potentially harmful 

effects of high UV-B irradiance in open-habitats which can induce growth inhibition and DNA 

damage (Wang, Hidema & Hikosaka 2014; Wang et al. 2016). 

Differentiation among suites of functional traits may be reflected by functional strategies to 

cope with respective light habitats (Valladares & Niinemets 2008). For shade-tolerant species, it 

has been proposed that the capacity of a plant species to live in the understorey depends on their 

maintenance of a positive net carbon balance under low light (the Carbon Gain Hypothesis, 

(Givnish 1988)), or alternatively that they tolerate those stresses that interact with light availability 

(the Stress Tolerance Hypothesis, (Kitajima 1994)). In the present study, we report higher 

plasticity for shade-tolerant than -intolerant species not only in morphological and physiological 

traits, which are related to light interception and carbon gain maximization, but also in 

biochemical variables, which link to photoprotection and the resistance to herbivory and disease 

(Fig. S7). These results suggest that the hypothesized carbon gain efficiency and stress tolerance 

strategies are not mutually exclusive but essential for species in the forest understorey (as 

reviewed by Valladares and Niinemets 2008). This allows species with different suites of 

functional traits to occupy shaded habitats while performing different ecosystem functions. Shade 

can affect understorey plant life in multiple ways by creating complex environmental settings for 

ecosystem dynamics, including abiotic (e.g. temperature and humidity) dynamics, plant – plant 

and – animal interactions (Valladares et al. 2016). Differences in investments in defense and 

carbon gain by understorey species may highlight the variety of pathways towards adaptation to 

multiple combinations of selective factors. Furthermore, such diversity of trait plasticity may 

promote understorey species coexistence through enhancing stabilizing niche differences and 

generating competitive trade-offs between species (Turcotte & Levine 2016; Valladares et al. 2016; 

Perez-Ramos et al. 2019).

For a given shade-intolerant species growing in an open area, fitness in a dense and 

productive plant community largely depends on resource competition for space and light (Grime 

1973; Craine & Dybzinski 2013). For instance, higher plasticity in growth and allocation among 

shade-intolerant species (Fig. 3; Fig. S7) should improve their capacity for interspecific 

competition. Plasticity in petiole length (Fig. 3) has been considered as one of the most important 

traits allowing herbaceous species to respond to light through elongating, bending and twisting 

(Pearcy, Muraoka & Valladares 2005), however, such high-cost plasticity may constrain A
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physiology and biochemical process in open areas, which are also generally nutrient-poor relative 

to forest understoreys (Hendry 2016; Power et al. 2019). 

Caution is required in drawing general conclusions from our shade-tolerant species group, 

since nearly half of the studied species suffered high mortality during the experiment (Fig. S3). 

This might imply that the remaining species were adapted to cope with warm temperatures and our 

baseline irradiance. For instance, the lower flavonol accumulation among shade-intolerant species 

in the common-garden experiment than in the field may constitute a response to the relatively low 

irradiance, while the opposite pattern for the shade-tolerant species may be explained by the 

greater temperature fluctuations in the experiment and comparatively low irradiance in their native 

environment (Fig. S5). Since temperature interferes with photoreceptor responses known to be 

involved in leaf pigment accumulation (Coffey and Jansen 2019; Pescheck and Bilger 2019), the 

warmer temperatures in the common-garden experiment than that in the native habitat of these 

species might modulate some of these responses, particularly in the shade tolerant species. If so, 

this may skew the pattern of results for shade tolerant species, which may be more like those of 

shade-intolerant species, making the differences between the groups smaller.
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CONCLUSIONS

Our study demonstrated that, at equivalent PAR, each spectral region of sunlight affected 

plant traits of the 23 species representing shade tolerant or –intolerant strategies. Different sets of 

traits typically responded to different spectral regions. Hence, UV-B radiation affected 

biochemical traits and blue light mainly affected physiological traits; whereas green light tended to 

drive both sets of traits, and to affect plant morphology in a functional-group-specific manner. 

Whole-plant morphology, growth and biomass allocation of shade-intolerant species were plastic 

in response to UV-B radiation and to the whole spectrum (UV-BG); while shade-tolerant species 

had a relatively high plasticity to UV-A, and all UV radiation, plus blue and green light in most 

traits; including those related to physiology and biochemistry. This divergence between the trait 

responses of functional groups associated with these two ecological strategies may reflect their 

adaptation to the respective light environments in their native habitats. Diverse plasticity among 

suites of traits within functional groups may also promote species coexistence across heterogenous 

light environments in forest understoreys, by increasing niche differentiation or by generating 

competitive trade-offs between species.
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Table 1 List of plant traits measured in the spectral irradiance experiment and categorized according to their function.

Cate. No.
Trait 

code
Full name Explanations (unit) Trait functions

1 Pheno Total phenolics Leaf total phenolics content per unit dry mass (mg g-1) Chemical defense, palatability, decomposability

2 Lignin Lignin Leaf lignin content per unit dry mass (mg g-1) Chemical defense, palatability, decomposability

3 Tannin Condensed tannins Leaf condensed tannin content per unit dry mass (mg g-1) Chemical defense, palatability, decomposability

4 Flavo Flavonols Leaf adaxial flavonols measured by Dualex (absorbance unit, AU leaf 

area-1)

Chemical defense, palatability, decomposability

B
io

ch
em

is
tr

y

5 Antho Anthocyanin Leaf adaxial anthocyanin measured by Dualex (AU leaf area-1) Chemical defense, palatability, decomposability

6 Chl Chlorophyll Leaf chlorophyll content measured by Dualex (AU leaf area-1) Photosynthetic capacity

7 N Nitrogen Leaf nitrogen content per unit leaf mass (mg g-1) Photosynthetic capacity, palatability, decomposability

8 C/N Carbon nitrogen ratio Ratio of leaf carbon to nitrogen content Function balance signaling, adaption to light, palatability, 

decomposability

9 Fq/Fm` Effective quantum yield of PSII Leaf Fq/Fm`or ΦPSII measured in the actual light of the plant, giving 

the effective quantum yield of photosystem II photochemistry

Photosynthetic capacity, photoinhibition, capacity to dissipate 

light energy, responsiveness to light qualityPh
ys

io
lo

gy

10 Fv/Fm Maximum quantum yield of PSII Leaf Fv/Fm measured by mini-PAM after dark acclimation, giving the 

maximum quantum yield of photosystem II photochemistry

Photosynthetic capacity, photodamage, capacity to dissipate 

light energy, responsiveness to light quality

11 LeafL Leaf lamina length Length of the fully expanded mature leaf lamina (cm) Photosynthetic capacity, light interception

12 LA Leaf size Area of the fully expanded mature leaf lamina (cm2) Photosynthetic capacity, light interception

13 LDMC Leaf dry matter content Calculated from LMA divided by leaf thickness (mg g-1) Photosynthetic capacity; palatability

14 LMA Leaf mass per area Leaf mass per unit leaf area (g m2) Photosynthetic capacity, defense, adaption to light L
ea

f 

m
or

ph
ol

og
y

15 LeafT Leaf lamina strength The mean of toughness at the leaf lamina base, middle and tip, 

measured using a digital force gauge (N mm-1)

Photosynthetic capacity, physical architecture

16 PetioleL# Petiole length The length of the petioles of the expanded mature leaves (mm) Light interception, competitive ability

T
he

 

w
ho

l

17 TLA Total leaf area The sum of all the leaf area of an individual plant (cm2) Light interception, photosynthetic capacity
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18 CrownS Crown spread The average lengths of two longest perpendicular spreads from edge 

to edge across the crown (cm)

Light interception, competitive ability

19 Height Plant height Individual maximum height (cm) Light interception, competitive ability

e-
pl

a

nt
 

m
or

ph
ol

og
y

20 StemD Stem diameter Mean stem diameter of two dimensions of an individual (mm) Light interception, competitive ability

21 ABDM Aboveground drymass The total dry mass of above organs (g) Competitive ability, energy reserves

22 BEDM Below drymass The total dry mass of roots (g) Competitive ability, energy reserves

23 TDM Total drymass the total dry mass of below- and aboveground (g) Competitive ability, energy reserves

24 R/S Root shoot ratio The ratio of the belowground and aboveground dry mass Competitive ability, responsiveness to light qualityG
ro

w
th

 &
 

al
lo

ca
tio

n

25 RGR* Relative growth rate Rate of plant size growth increase per unit day (D2H(D2H)-1d-1) Competitive ability, responsiveness to light quality

# Petiole length was categorized into the whole-plant morphology as all species were herbaceous species, most of which had no branches. *RGR was calculated from the change in 

Diameter*Diameter*Height during the treatment duration (see details in Materials and Methods). 
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Table 2 Main effects on plant functional traits of the spectral treatment, functional group, and their interaction. The specific effect of each 

spectral region of solar radiation is given by contrast comparison between pairs of treatments.
Main effects Effects of solar spectral regions (contrast)

Treatment (T) Group (G) G×T UV-B

(treatment ii vs. i)

UV-A

(iii vs. ii)

Blue

(iv vs. iii)

Green

(v vs. iv)

UV

(iii vs. i)

BG

(v vs. iii)

UV-BG

(v vs. i)
Cate. Traits

χ2 P χ2 P χ2 P

Groups

Z P Z P Z P Z P Z P Z P Z P

Pheno.mass* 41.71 <0.001 0.00 0.959 2.54 0.638 -3.41 0.004 0.07 1.000 -1.34 0.604 -1.48 0.514 -3.35 0.005 -2.77 0.033 -6.14 <0.001

Pheno.area# 46.38 <0.001 0.17 0.677 0.37 0.985 -3.38 0.005 0.78 0.915 -0.16 1.000 -2.42 0.085 4.13 <0.001 -2.51 0.067 -6.66 <0.001

Lignin.mass* 11.96 0.018 0.12 0.726 4.16 0.385 　 2.40 0.090 -1.17 0.720 -2.03 0.204 1.00 0.818 -1.22 0.685 -1.00 0.817 0.18 1.000

Lignin.area# 32.13 <0.001 1.09 0.296 3.60 0.463 　 -0.89 0.868 1.55 0.464 -0.33 0.996 -2.53 0.065 2.43 0.083 -2.75 0.036 -5.23 <0.001

Tannin.mass* 15.80 0.003 0.26 0.610 1.49 0.828 0.03 1.000 -1.02 0.803 0.11 1.000 -2.66 0.046 -1.00 0.814 -2.43 0.082 -3.53 0.003

Tannin.area# 22.36 <0.001 0.86 0.354 2.73 0.604 -0.12 1.000 1.42 0.549 0.21 0.999 -2.93 0.021 1.55 0.464 -2.60 0.053 -4.24 <0.001

Flavo 100.59 <0.001 20.47 <0.001 2.88 0.579 　 -2.81 0.030 -2.03 0.207 0.09 1.000 -0.29 0.998 -4.81 <0.001 -0.20 1.000 -5.00 <0.001

B
io

ch
em

is
tr

y

Antho 15.65 0.004 14.50 <0.001 7.69 0.104 　 -0.33 0.997 0.64 0.956 2.42 0.084 -0.60 0.966 0.32 0.997 1.76 0.336 2.13 0.166

Chl 11.94 0.018 9.60 0.002 4.15 0.386 -0.21 0.999 0.38 0.994 -1.36 0.592 -0.94 0.850 0.59 0.968 -2.25 0.127 -2.89 0.023

N.mass* 69.77 <0.001 0.03 0.868 5.09 0.278 　 1.55 0.466 -0.76 0.923 -3.00 0.017 -4.77 <0.001 -2.29 0.117 -7.50 <0.001 -5.52 <0.001

N.area# 116.49 <0.001 2.42 0.120 0.57 0.967 　 -1.51 0.490 1.06 0.779 -2.01 0.214 -5.54 <0.001 2.55 0.061 -7.27 <0.001 -10.06 <0.001

C/N 32.32 <0.001 0.00 0.978 5.88 0.209 -1.43 0.540 1.52 0.486 1.53 0.474 3.91 <0.001 2.95 0.020 5.28 <0.001 2.56 0.060

Fq/Fm` 15.11 0.004 30.96 <0.001 6.11 0.191 　 -1.07 0.782 1.25 0.666 -2.70 0.041 -0.19 1.000 0.19 1.000 -2.93 0.021 -2.75 0.035Ph
ys

io
lo

gy

Fv/Fm 5.01 0.286 10.54 0.001 8.21 0.084 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　

LeafL 17.19 0.002 0.02 0.897 2.08 0.721 -0.47 0.986 -2.26 0.125 0.17 1.000 -0.63 0.959 -2.79 0.032 -0.46 0.987 -3.23 0.008

LA 32.25 <0.001 0.01 0.938 5.06 0.281 -1.46 0.522 -1.57 0.454 -0.46 0.987 -1.74 0.346 -3.03 0.015 -2.13 0.166 -5.19 <0.001

LDMC 17.73 0.001 2.15 0.142 1.19 0.880 -1.29 0.633 -1.04 0.794 2.11 0.172 -3.43 0.004 -2.31 0.110 -1.31 0.622 -3.63 0.002

LMA 58.39 <0.001 1.63 0.201 1.63 0.803 -3.31 0.006 -1.08 0.773 0.43 0.990 -3.72 0.002 -4.33 < 0.001 -3.19 0.009 -7.58 < 0.001

L
ea

f 

m
or

ph
ol

og
y

LeafT 6.74 0.150 0.67 0.414 0.35 0.987

PetioleL 18.29 0.001 0.38 0.540 2.76 0.599 -0.21 0.999 -2.35 0.102 3.27 0.007 0.85 0.890 -2.62 0.051 4.03 <0.001 1.53 0.475

TLA 40.52 <0.001 0.08 0.782 22.49 <0.001 Intolerant -1.99 0.390 -1.44 0.785 -0.82 0.990 -1.81 0.518 -3.43 0.008 -2.51 0.130 -6.02 <0.001

T
he

 

w
ho

le
-p

l

an
t 

　 　 　 　 　 　 　 Tolerant -2.95 0.039 -0.90 0.981 1.88 0.470 1.57 0.698 -3.64 0.004 3.30 0.013 -0.10 1.000
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CrownS (1st) 22.20 <0.001 14.44 <0.001 8.26 0.083 -1.83 0.301 -1.13 0.745 1.15 0.731 -2.61 0.052 -3.00 0.017 -1.46 0.526 -4.49 <0.001

CrownS (final) 44.61 <0.001 9.20 0.002 7.62 0.106 -3.66 0.002 -1.00 0.816 -0.67 0.949 -0.48 0.985 -4.64 < 0.001 -1.13 0.741 -5.84 < 0.001

Height (1st) 15.61 0.004 10.77 0.001 2.77 0.597 -1.09 0.765 0.58 0.970 2.33 0.105 0.23 0.999 -0.51 0.981 2.57 0.058 2.10 0.179

Height (final) 4.99 0.288 6.58 0.010 0.84 0.933

StemD (1st) 5.65 0.227 3.77 0.052 7.10 0.131 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　

m or p h ol o g yStemD (final) 7.82 0.099 2.75 0.097 3.78 0.437 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　

ABDM 60.59 <0.001 0.14 0.706 19.50 0.001 Intolerant -1.68 0.622 -3.09 0.025 2.02 0.373 -2.32 0.203 -4.85 <0.001 -0.32 1.000 -5.12 <0.001

　 　 　 　 　 　 　 Tolerant -2.10 0.326 -0.27 1.000 2.67 0.086 0.33 1.000 -2.23 0.251 2.87 0.048 0.79 0.992

BEDM 52.18 <0.001 0.06 0.811 16.95 0.002 Intolerant -2.73 0.038 -3.77 0.001 0.92 0.855 0.95 0.840 -6.58 <0.001 1.80 0.315 -4.62 <0.001

Tolerant -1.94 0.246 -0.66 0.951 2.58 0.056 -0.25 0.999 -2.47 0.076 2.30 0.113 0.08 1.000

TDM 41.59 <0.001 0.07 0.788 21.51 <0.001 Intolerant -2.00 0.386 -3.41 0.008 1.95 0.423 -1.85 0.491 -5.51 <0.001 0.07 1.000 -5.37 <0.001

Tolerant -2.32 0.205 -0.40 1.000 2.98 0.035 0.23 1.000 -2.57 0.114 3.10 0.024 0.68 0.997

R/S 19.22 0.001 0.49 0.486 3.40 0.493 　 -1.85 0.344 -1.85 0.287 -0.14 1.000 1.31 0.627 -3.56 0.003 1.13 0.737 -2.32 0.107

RGR (1st) 3.60 0.462 64.85 <0.001 9.26 0.055G
ro

w
th

 &
 a

llo
ca

tio
n

RGR (final) 3.98 0.408 43.17 <0.001 2.16 0.707 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　

Data analyzed by linear mixed effect models (LME), including treatments, functional groups, and their interaction as fixed factors, and species and blocks as random factors. Contrasts for effects of 

solar spectral regions are shown. Benjamini-Hochberg (BH)’s methods were used to correct these P-values for multiple comparisons. For contrasts α = 0.10 was used. P-values in bold indicate 

statistically significant differences. Details of the spectral region calculated by the contrasts and multiple testing can be found in Materials and Methods. “.mass*”, trait values were expressed as the 

percent per unit dry mass, and “.area#”, trait values were expressed as the gram per unit dry mass. Full names of plant trait are in Table 1. 
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Figure legends

Fig. 1 Experiment with filters attenuating solar spectral irradiance. a) Photograph of the 

experiment testing the effects of spectral composition on traits from 23 plant species of two 

functional groups. b) Spectral photon irradiance of ambient solar radiation and under our 

selectively attenuating filters: [transmitting (i) >280 nm (polythene); (ii) > 315 nm (polyester); 

(iii) > 400 nm (Rosco #226); (iv) >500 nm (Roscolux #312); (v) > 580 nm (Rosco #135)]. c) 

Actual spectral irradiance measured under our filter treatments at solar noon when filters were 

combined with shade mesh, used to equalize PAR under all treatments. The inset in a) indicates 

the layout of filter frames in the common-garden experiment; the filter types (i) ~ (v) were 

consistent with those in c). The y-axis of both b) and c) gives spectral photon irradiance in units of 

µmol m-2 s-1, but because of the shade mesh the irradiance is lower in c), up to 3 instead of 30 

µmol m-2 s-1. See Materials and Methods for further details. 

Fig. 2 Variation in plant traits under different spectral irradiance treatments according to 

plant functional type. The x-axis shows which wavelength regions in each treatment were 

attenuated (-) and transmitted (+) under the filters. The filter type i ~ v was consistent with that in 

Fig.1. The contrasts between pairs of treatments are given in the bottom left, as UV-B, UV-A, 

Blue, Green. Each point represents the mean ± 1 SE trait value of the individuals of each 

functional group. Light blue squares represent shade-tolerant species and orange circles represent 

shade-intolerant species. Where names of the plant traits given on the y-axis are abbreviated, their 

full names can be found in Table 1. Detailed results and statistical analyses can be found in Table 

2 including effects of single and multiple spectral regions.

Fig. 3 Plant traits plasticity of response to different spectral regions of solar radiation. The 

fraction was calculated from the contrasts between spectral treatments in Fig. 2. a) ~ g), contrast 

comparisons for each spectral region; h), average plasticity of all plant traits for each spectral 

region. Bars (mean ± 1 SE, n = 9~11 shade-intolerant species (orange), 3~12 shade-tolerant 

species (light blue)) for each treatment are arranged by increasing mean plasticity of 

shade-intolerant species. n.s., no statistically significant difference (P > 0.05). See Table 2 for the 

contrast pairs used for analyzing the effects of solar spectral region. Names of the plant traits 

given on the x-axis in a) ~ g) are abbreviated, their full names can be found in Table 1.A
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Fig. 4 Partial redundancy analysis (pRDA) biplot showing the relationship between plant 

functional traits and spectral composition in the experiment. a) shade-intolerant species, b) 

shade-tolerant species. Plants traits are indicated by solid-headed black arrows pointing in the 

direction of increasing values; spectral regions, including UV-B, UV-A, Blue, Green and Red, are 

indicated by the open-headed red arrow pointing in the direction of increasing values. The relative 

effects of realistic spectral compositions (as shown in Table S2) on plant traits are analyzed by 

Monte Carlo permutation test (forward selection, 999 permutations), with species as the covariate. 

Spectral regions in the model are indicated with asterisks (significant effect P < 0.05) and plus 

symbols (insignificant effect P > 0.05 but selected by the model), and those without symbols were 

removed from the model (no significant effect P > 0.05). Traits of the same group were shown in 

the same color. Full names corresponding to the abbreviated trait names in the figures are given in 

Table 1. Detailed pRDA results refer to Table S4.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Fig. 1

(a)
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Fig. 2

Fig. 3
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  Functional trait (TR): P<0.0001
 Functional group (G):  n.s.

TRG: P=0.0304

TR:       P<0.0001
G:         P=0.034
TRG:  n.s.

TR:      P<0.0001
G:        P=0.0220
TRG: P=0.0390

TR:       P<0.0001
G:         P=0.0051
TRG:  n.s.

TR:       P<0.0001
G:         P=0.0061
TRG: n.s.

TR:      P<0.0001
G:        n.s.
TRG: n.s.

   Spectral region (R): P<0.0001
Functional group (G): P=0.0037
                           R G: P=0.001

TR:       P<0.0001
G:         P=0.006
TRG: n.s.
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