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• Sunlight drives nutrient dynamics below a
forest canopy.

• Blue light increases the loss of litter C and
lignin in the forest gap.

• UV-B radiation promotes litter C loss in
the forest understorey.

• Litter N tends to bemineralized in the gap
but immobilized in the understorey.
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Decomposition of plant organic matter plays a key role in the terrestrial biogeochemical cycles. Sunlight has recently
been identified as an important contributor to carbon [C] turnover through photodegradation, accelerating decompo-
sition even in forest ecosystems where understorey solar irradiance remains relatively low. However, it is uncertain
how C and nutrients dynamics respond to fluctuations in solar spectral irradiance caused by canopy structure
(understorey vs. gaps) and season (open vs. closed canopy phenology). Spectral-attenuation treatments were used to
compare litter decomposition over eight months, covering canopy phenology, in a temperate deciduous forest and
an adjacent gap. Exposure to the full spectrum of sunlight increased the loss of litter C and lignin by 75% and 64%
in the forest gap, and blue light was responsible for respectively 27% and 42% of that loss. Whereas in the understorey,
C and lignin loss were similar among spectral-attenuation treatments over the experimental period, except prior to and
during spring canopy flush when exposure to the full spectrum of sunlight promoted C loss by 15% overall, 80% of
whichwas attributable to ultraviolet-B (UV-B) radiation. Nitrogen [N]was immobilized in the understorey during can-
opy flush before the canopy completely closed but N was swiftly released during canopy leaf-fall. Our study suggests
that blue-driven photodegradation plays an important role in lignin decomposition and N dynamics in canopy gaps,
whereas seasonal canopy phenology affecting sunlight reaching the forest floor drastically changes patterns of C and
N in litter during decomposition. Hence, including sunlight dynamics driven by canopy structure and phenology
would improve estimates of biogeochemical cycling in forests responding to changes in climate and land-use.
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1. Introduction

Litter decomposition is essential for soil fertility, the sequestration of or-
ganic carbon in the soil, and the release of essential nutrients for plants and
microbes, consequently it determines global C cycling and maintains eco-
system functioning (Schlesinger and Bernhardt, 2013). Solar radiation has
been recognized as an abiotic factor that accelerates litter decomposition
via photodegradation in arid and semi-arid ecosystems (Austin and
Vivanco, 2006; Brandt et al., 2009; King et al., 2012; Song et al., 2013;
Adair et al., 2017; Berenstecher et al., 2020). Its inclusionmay challenge es-
tablished models of the controls on C turnover and nutrient cycling driven
by litter quality and climate (Parton et al., 2007). However, knowledge of
the relative importance of photodegradation among processes driving C
and N dynamics in semi-arid and arid ecosystems is not necessarily applica-
ble tomesic ecosystems, particularly temperate deciduous forestswhere the
light environment is dynamic and heterogenous due to canopy phenology
(i.e., the annual progression through canopy flush, closed canopy, leaf-
fall, and open canopy).

In the deciduous forests, the amount of understorey solar irradiance and
its spectral quality vary greatly with changing canopy phenology. For in-
stance, understorey solar irradiance of photosynthetically active radiation
(PAR) at the forest floor can amount to ca. 60% and 35% of that above
the canopy before leaf flush and after leaf-fall, respectively (Baldocchi
et al., 1984; Augspurger et al., 2005). In comparison, under a closed canopy
in summer, the understorey PAR is less than 1% of above-canopy PAR
(Hertel et al., 2011). Moreover, solar spectral composition between
280 nm and 700 nm varies dramatically over the whole season, due to
wavelength-selective absorption, reflection, and transmission of photons
by canopy leaves (Hertel et al., 2012; Hartikainen et al., 2018). Blue
(400–500 nm) and red light (600–700 nm) are preferentially absorbed,
while green light (500–600 nm) penetrates deeper into the forest
understorey (Durand et al., 2021; Hertel et al., 2012;). Relative to PAR,
shorter wavelengths, i.e., ultraviolet-B (UV-B, 280–315 nm) and UV-A
(315–400 nm) radiation are enriched in diffuse radiation and hence
understorey shade due to their greater scattering by the atmosphere (Flint
and Caldwell, 1998; Hartikainen et al., 2018). Furthermore, natural or
human disturbances including wind, tree mortality and harvesting, create
heterogeneity in forest structure (e.g. gaps) (Nakashizuka and
Matsumoto, 2002; Čada et al., 2016), which further modify the characteris-
tics of understorey solar irradiance.

Solar irradiance modulates litter decomposition processes through
photodegradation, which mainly consists of direct photomineralization
and indirect photofacilitation (Gallo et al., 2009; King et al., 2012;
Almagro et al., 2015; Liu et al., 2018). Photomineralization represents the
breakdown of complexmacromolecules from dead organic matter operated
by UV radiation and blue-green light (Austin and Vivanco, 2006; Brandt
et al., 2009; Austin and Ballaré, 2010). Lignin is a major constituent of
plant litter and its photomineralization driven by blue light may be a
major contributor to photodegradation (Austin and Ballaré, 2010; Wang
et al., 2021). High lignin content can limit early-phase microbial decompo-
sition of litter; although lignin can be broken down by the extracellular en-
zymes synthesized by fungi during the latter stages of decomposition (Swift
et al., 1979). Some studies indicate that cellulose is more susceptible to
photomineralisation than lignin, e.g. as found in Bromus diandrus which
has high cellulose content (40%) and low lignin content (3%) (Lin and
King, 2014). These inconsistencies in the relative lignin and cellulose con-
tent of litter of diverse origins underpin some of the variation found in
photomineralization.

A body of evidence has found that solar radiation promotes litter C turn-
over in drylands, mainly through photomineralization, leading to consider-
able CO2 emission (nearly 40% of litter C is lost as CO2) (Day and Bliss,
2020; Méndez et al., 2019). In contrast to lignin, a high litter N content pro-
motes early-stage decomposition by stimulating the growth and activities of
microbes that degrade labile compounds (Keyser et al., 1978), and result in
N immobilization when the moisture is favorable (Predick et al., 2018).
However, N release tends to be higher in litter exposed to solar radiation
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than in shaded litter (Asao et al., 2018; Ball et al., 2019): this was the
case for litter suspended above the soil (equivalent to standing dead mate-
rial) which receives more incident irradiance on its surface compared with
litter lying on the soil which has greater potential for colonisation and
biotic interactions.

Changes to litter chemistry caused by photomineralisation increase the
availability of carbohydrates to hydrolytic enzymes and accelerate biotic
degradation, known as photofacilitation (or photopriming) (Foereid et al.,
2010; Baker and Allison, 2015; Day et al., 2015; Wang et al., 2015;
Austin et al., 2016). On the other hand, UV-B radiation can limit litter
decomposition by inhibiting microbial activity (photoinhibition) (Verhoef
et al., 2000; Pancotto et al., 2003; Uselman et al., 2011; Pieristè et al.,
2020a), which counteracts the acceleration of decomposition caused by
photopriming. This antagonism may explain why UV-B photodegradation
is not detected in some experimental (Song et al., 2013; Marinho et al.,
2020) and modelling studies (Foereid et al., 2011). Hence, a better under-
standing of the role of solar radiation in C turnover and nutrient dynamics
within forest canopies is required to refine estimates of global C cycling and
its response to climate change.

There is increasing evidence that photodegradation contributes to litter
decomposition in mesic ecosystems, e.g. tropical (Marinho et al., 2020),
subtropical (Ma et al., 2017), temperate (Wang et al., 2021), and boreal for-
ests (Pieristè et al., 2019; Pieristè et al., 2020a; Pieristè et al., 2020b),
though solar irradiance remains relatively low in the shaded understorey
of all forest ecosystems. Spatial and temporal fluctuations in the microenvi-
ronment (radiation, temperature andmoisture) of heterogenous forests due
to canopy dynamics (e.g., canopy phenology, gap creation) may signifi-
cantly modulate litter decay rates and fluxes of nutrients through
photodegradation. For instance, Pieristè et al. (2019, 2020a) found that
understorey UV-A radiation and blue light can accelerate decomposition
and C loss compared to other spectral regions, perhaps through lignin
photodegradation which promotes photopriming under shady, cool, and
moist conditions. A recent field experiment conducted in a forest gap
found exposure to full solar spectral irradiance to increase decomposition
rates by nearly 120% compared to darkness (Wang et al., 2021). Such an
unexpectedly high relative contribution of photodegradation to decomposi-
tion in forest gaps was even greater than that reported for semi-arid ecosys-
tems (Austin and Vivanco, 2006; Berenstecher et al., 2020). This suggests
that when unattenuated by the canopy, the environment in these moist
temperate biomes is favorable for ambient solar radiation to accelerate lit-
ter decomposition, most likely through lignin photomineralization (Keiser
et al., 2021; Mao et al., 2018). To the best of our knowledge, however,
only two studies have examined lignin photodegradation in forest eco-
systems. These were conducted in common gardens and reported that
lignin dynamics did not appear to respond to UV-B (Marinho et al.,
2020) or UV radiation (Song et al., 2014). Little is known about how
understorey solar radiation, modified by seasonality, drives litter C
turnover and associated nutrient dynamics on the forest floor in an eco-
logical context.

This study extends that of Wang et al., 2021, where the response of
litter decomposition rate to photodegradation, forest canopy structure
and season was assessed. These results highlighted the role of
photodegradation in determining decomposition rate; which translated
to 13% loss of leaf-litter C over the year for a scenario of a gap covering
20% of the forest floor. However, variation in C and nutrient dynamics
during decomposition was not explored by Wang et al. (2021). To ad-
dress this issue, the present study extended the previous study to exam-
ine the importance of solar radiation for lignin and N dynamics during
the distinct seasons corresponding to changes in canopy phenology
from spring to autumn in a temperate forest. We hypothesized that:
(1) lignin loss would be greater where exposed to higher UV and
short-wavelength visible light in the forest gap; (2) lignin loss would
positively correlate with litter mass loss, modulated by spectral compo-
sition in the gap, but this spectral dependence would not be a significant
factor in the understory because of its low solar irradiance for much of
the year; (3) N would tend to be mineralized in the gap, because of
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photodegradation driven by strong solar irradiance. On the other hand,
in the understorey, N immobilization would dominate in the spring and
early summer due to microbial activity during canopy flush, but domi-
nance would switch to N release in late summer to autumn because of
photofacilitation during leaf-fall.

2. Materials and methods

2.1. Study site

The experimental details were described in our previous study (Wang
et al., 2021). Briefly, experimental plots were established in and around
the Ogawa Forest Reserve (OFR, ca.100 ha) in the southern part of the
Abukuma Mountain range in central Japan (36°56′N, 140°35′E, elevation
610 to 660 m above sea level). The reserve is an old-growth cool-
temperate deciduous forest, dominated by Quercus spp., Fagus spp., Acer
spp. (Masaki et al., 2002). The climate of OFR is characterized as humid
with a mean annual temperature of 12.4 °C and annual precipitation of
1750 mm.

We set up a 50× 50 m plot in the OFR understorey where the light en-
vironment was naturally impacted by seasonal canopy phenology, and a
similar-size plot received full sunlight for nearly all hours in an unshaded
gap (50 × 50 m size) created just outside the OFR c 5-km away, in order
to investigate effects of solar spectral radiation on litter decomposition.
Both plots had a similar slope aspect (south, 180°) and slope gradient
(20°), and were protected by fences to exclude large mammals (mainly
wild boar). The gap plot was clear-cut forest of similar composition to the
understorey plot less than one year before the experiment in 2018. No
plants grew on the ground which was covered by a natural litter layer
from the beginning of experiment. Thus, it offered a homogeneous light en-
vironment and its proximity ensured a similar soil type and climate to the
forest understorey plot.

2.2. Experimental manipulation and litterbox design

As described in Wang et al. (2021), we designed a field litter decompo-
sition experiment comprising 12 litter species × 6 filter treatments × 2
plots × 4 collection times × 4 replicates, 2304 litterboxes in total. The
litterboxes were an updated custom-made type based on our previous de-
sign (Pieristè et al., 2019). The dimensions of the litterbox were 18 cm
wide × 21 cm long × 1.3 cm high, with a base made from sterile 2 mm
mesh of the polyethylene fibre to avoid macrofaunal incursion while still
allowing mesofauna access to the litter (referring to the effects of
mesh size on mass loss from our previous study: Pieristè et al., 2019).
Litterbox tops were made from a set of selected spectral film filters.
The litterbox frame and central pillar were made of sterile plastic straws
(21 cm long and 1.3 cm diameter, Bihin, Japan), in order to make a
space in the litterbox to avoid contact between litter and the filters during
decomposition. Holes of 2-mm diameter were drilled into the filter on a 1-
cm grid in order to allow moisture, air, and microbes to interact with the
litter within.

Six filter treatments were created: (i) Full-spectrum treatment, with a
fully transparent polythene film (0.05 mm thick, 3904CF; Okura,
Marugame, Japan), transmitting approximately 95% of the whole solar
spectrum >280 nm; (ii) No-UV-B treatment, attenuating UV-B radiation
<315 nm (0.125-mm-thick polyester film, Autostat CT5; Thermoplast, Hel-
sinki, Finland); (iii) No-UV treatment, attenuating all UV radiation<400 nm
(0.2-mm-thick Rosco E-Color 226 filter, Westlighting, Helsinki, Finland);
(iv) No-UV/Blue treatment, attenuating all UV and blue wavelengths
<500 nm (0.20-mm-thick Roscolux Supergel 312 filter); (v) No-UV/Blue–
Green (BG) treatment, attenuating all UV radiation and BG wavelengths
<580 nm (0.2-mm-thick Rosco E-Color 135 Deep Golden Amber filter),
(vi) Dark treatment, attenuating all photosynthetically active radiation
(PAR) and UV radiation (0.02-mm-thick polyethene film, white upper
side and black lower side, Iwatani Materials Corp., Tokyo, Japan). The
solar spectrum was measured in each litterbox under a clear sky at solar
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noon on 3rd June 2018 using a spectroradiometer (USR-45DA; USHIO,
Tokyo, Japan) (Fig. 1a, Table S1).

2.3. Litter materials sampling and litterbox preparation

We selected 12 species with a range of trait values for variables, includ-
ing litter N and lignin contents from different growth forms (trees, shrubs,
herbaceous; Table 1). All litter samples were air-dried in a darkened room
(25 °C, dehumidification mode of air conditioning) for one month. The
leaf litter without petioles was placed flat inside newspapers and held in a
wooden frame from December 25th, 2017 to January 20th, 2018, in
order to maintain the litter flat. The pressed litter samples were kept in
the dark at 25 °C and until their transfer to litterboxes.

A single-layer of non-overlapping litter was placed in the litterbox to
make a homogeneous total surface area of litter (≈60% of the litterbox
area), recorded by scanning each litterbox (EPSON scanner, GT-S600,
Seiko, Nagoya, Japan). In the litterboxes, leaf litter was placed with the ad-
axial epidermis facing up, and fixed flat in position on the bottom mesh
using stainless-steel staples (2–8 leaves per litterbox, weighing 0.2–1.0 g
depending on the litter species), ensuring equivalent exposure to sunlight
of all litter.

2.4. Litterbox deployment

Litterboxes were randomly pinned to the soil surface in four blocks
within each plot (understorey and gap) on 18th April 2018 before canopy
flush. Plots were checked every two weeks in order to keep litterboxes un-
obstructed, by removing any debris on the litterboxes and newly-grown
plants. Hemispherical photographs were taken at 1.3-m height above-
ground using a Nikon E4500 camera with a Sigma 8-mm fish-eye lens to
capture canopy changes every month (Fig. 1b). Ambient UV-B, UV-A radi-
ation, and PAR were continuously measured in the centre of plots at the
ground level, integrated over 15-min intervals using two broadband UV-
cosine sensors (UV-B and UV-A) (sglux GmbH, D-12489 Berlin, Germany)
and a quantum sensor (LI-190SA; LI-COR, Lincoln, NE) respectively, re-
corded with a data-logger (LI-1400; LI-COR). UV-cosine sensors were cali-
brated by comparison with a traceable calibrated spectroradiometer
Gigahertz BTS-2048-UV-S-F under natural sunlight clear sky conditions.
The cumulative irradiance was calculated for each decomposition period
(Fig. 1c). The spectral irradiance in litterboxes was checked during the ex-
periment to ensure no changes occurred in the specified spectral attenua-
tions of the filters, using a Maya 2000 Pro array spectrometer (Ocean
Optics Inc., Florida, USA), recently calibrated for maximum sensitivity in
the solar UV and PAR regions of the spectrum (Hartikainen et al., 2018). Lit-
ter temperature was measured at 30-min intervals by HOBO H8 Pro tem-
perature loggers (Onset Computer Corporation, Bourne, Massachusetts,
USA) placed under beech litter in one extra litterbox per filter type in
each plot. Soil samples (to 5 cm depth) under three extra litterboxes per fil-
ter type were collected at solar noon once a month (n=3 and a total of 18
soil moisture samples per plot). The gravimetric soil moisture content was
calculated after oven drying (105 °C, 72 h).

2.5. Litterbox collection

Litterboxes were collected four times: 50, 110, 170, and 230 days after
deployment (on June 7th, August 6th, October 5th, and December 4th,
2018), respectively timed to correspond with: canopy flush, completely
closed canopy, canopy leaf-fall, and autumn canopy opening (see hemi-
spherical photographs in Fig. 1b). Litterboxes were gently cleaned after re-
trieval and air-dried at the room temperature (dark, 25 °C) for one month.
The ash-free (organic) mass and ash (inorganic) content were determined
using a muffle oven (550 °C for 5 h). Four of 12 species were entirely col-
lected before the final harvest, because they decomposed much faster
than the rest. These species were two herbs, Filipendula camtschatica and
Pertya trilobata and two shrubs, Lindera obtusiloba Blume and Schisandra
chinensis (Table 1; Fig. S3).



Fig. 1. Field experiment estimating the contribution of photodegradation to leaf-litter decomposition in a temperate deciduous forest through the seasons. (a) The attenuating
filters used in custom-made litterboxes of different radiation treatments: [transmitting (i) >280 nm (full-spectrum); (ii) >315 nm (No-UV-B); (iii) >400 nm (No-UV); (iv)
>500 nm (No-UV/blue); (v) >580 nm (No-UV/BG); (vi) no light (Dark)]. (b) Canopy hemispherical photographs of the experiment in the understorey and gap on four
litterbox collection dates (April–December 2018), taken at 1.3 m aboveground using a Nikon E4500 camera with a Sigma 8-mm fish-eye lens. (c) Cumulative irradiance
on litter in the understorey and gap over each of four decomposition periods. Litterboxes were collected four times: 50, 110, 170, and 230 days after deployment (on
June 7th, August 6th, October 5th, and December 4th, 2018), respectively timed to correspond with: canopy flush, completely closed canopy, canopy leaf-fall, and
autumn canopy opening.
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2.6. Litter trait measurements

Wemeasured initial leaf mass per area (LMA), nitrogen (N), carbon (C),
and lignin concentrations of leaf litter prior to the start of the experiment
Table 1
Species list and initial litter traits. Values aremeans (±SE) for each species (n=5). Diffe
tested by Tukey's multiple comparison. C, carbon; N, nitrogen; LMA, leaf mass per area.

No. species Family Growth form C (%)

S01 Fallopia japonica Polygonaceae Herbs 48.1 ± 0.47ab
S02 Filipendula camtschatica Rosaceae Herbs 42.8 ± 0.26f
S03 Hosta sieboldiana Asparagaceae Herbs 45.8 ± 0.76cde
S04 Pertya trilobata Asteraceae Herbs 42.8 ± 0.15f
S05 Lespedeza bicolor Turcz. var. bicolor. Fabaceae Shurbs 46.8 ± 0.30bcd
S06 Lindera obtusiloba Blume Lauraceae Shurbs 45.4 ± 0.26de
S07 Schisandra chinensis Schisandraceae Shurbs 40.5 ± 0.12 g
S08 Vitis coignetiae Vitaceae Shurbs 45.1 ± 0.22de
S09 Acer carpinifolium Sapindaceae Trees 44.8 ± 0.31e
S10 Betula platyphylla Betulaceae Trees 48.7 ± 0.46a
S11 Fagus crenata Blume Fagaceae Trees 48.4 ± 0.22ab
S12 Quercus crispula Blume Fagaceae Trees 47.4 ± 0.41abc
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(Table 1), and concentrations of the same chemicals from litter samples
on each collection date. LMA was determined based on litter area and
oven-dried weight of scanned leaves, using Fiji software (www.fiji.sc,
ImageJ). The ground sample was also ashed at 550 °C for 5 h. N and C
rent letters across a column indicates significant difference (P< 0.05) among species,

N (%) Lignin (%) C:N Lignin:N LMA (gm−2)

1.9 ± 0.3a 16.9 ± 0.29ef 24.7 ± 0.43a 8.1 ± 0.13ef 95.3 ± 2.40a
1.7 ± 0.4b 12.4 ± 0.35 cd 25.2 ± 0.31a 7.3 ± 0.24c 35.1 ± 0.49f
0.7 ± 0.1e 11.3 ± 0.12bc 63.9 ± 1.60f 15.8 ± 0.53de 63.5 ± 1.15c
1.5 ± 0.1c 11.5 ± 0.10d 29.1 ± 0.49bc 8.6 ± 0.18c 33.7 ± 0.69f
1.4 ± 0.2c 16.6 ± 0.16f 32.7 ± 0.91d 11.5 ± 0.22 cd 44.1 ± 0.95e
0.7 ± 0.2e 11.3 ± 0.19b 61.8 ± 3.31f 15.2 ± 0.85a 31.6 ± 0.78 g
1.5 ± 0.1c 7.8 ± 0.11a 27.8 ± 0.12b 6.6 ± 0.07bc 24.8 ± 0.43 h
1.5 ± 0.6c 12.6 ± 0.61e 30.6 ± 0.57 cd 9.9 ± 0.52b 70.6 ± 1.82b
1.4 ± 0.6c 21.3 ± 0.59 g 32.4 ± 0.65d 15.6 ± 0.36 g 42.3 ± 1.00e
1.1 ± 0.1d 16.4 ± 0.06f 45.8 ± 0.64e 15.3 ± 0.29 h 72.9 ± 1.11b
0.9 ± 0.3e 23.0 ± 0.26 g 57.1 ± 2.40f 24.8 ± 0.90f 50.3 ± 0.92d
0.8 ± 0.4e 15.7 ± 0.38f 58.3 ± 1.93f 20.0 ± 0.50 fg 74.9 ± 1.80b

http://www.fiji.sc
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concentrations were determined using an elemental analyser (the precision
<0.1%, Vario MAX cube, Hanau, Germany) with acetanilide as the stan-
dard. An improved acetyl-bromide procedure (Iiyama and Wallis, 1990)
was used to determine the lignin content, and calculated from thefitted cal-
ibration curve (Fukushima and Hatfield, 2001).

2.7. Calculation and statistical analyses

Ash content was used for correction to obtain ash-free dry weight for lit-
ter mass and chemical contents (C, N, and lignin). For the main analysis, all
litter types were pooled and each species (using itsmean value)was treated
as a replicate, becausewewere interested in the general pattern rather than
species specific response of a litter type. We calculated the percentage mass
remaining ratio (M) and chemical contents (Q) per unit of mass over each
period of the experiment using the following equations;

M ¼ Xt=X0 ∗ 100% (1)

Q ¼ Xt � Ytð Þ= X0 � Y0ð Þ ∗ 100% (2)

where X0, Xt, and Y0, Yt are dry mass and chemical concentration at the be-
ginning of the experiment and at time t, respectively. The loss rates were
calculated by subtracting M from 100%.

To examine the difference in mass loss and patterns of variation in mass
loss among decomposition periods, we calculated relative mass loss ratio
fractions (F) of litter C, N, and lignin during each period compared with ini-
tial litter (the difference between two ratios of remaining mass divided by
the time interval), instead of the absolute values (simply the difference be-
tween twomasses divided by the time interval). Due to the unequal lengths
of each period, Fwas calculated with the following equation to exclude the
time effect,

F ¼ Qt−1 − Qtð Þ=ΔT (3)

where Qt, Qt−1 are the ratio of mass remaining at time t and the previous
time (t − 1), respectively. ΔT is the difference in the length duration
(numbers of days) between the two collection times.

We used one-way ANOVA to analyze differences in initial traits of leaf
litter among 12 species, and linear mixed-effects models (LMM) to test
the effects of three fixed factors, canopy structure (understorey and gap),
season, and filter treatment and their interactions on the loss of chemical
content, litter quality (C:N and lignin:N), and loss fractions, with species
as the random factor. Differences between canopy structure, and among
treatments, were tested by Tukey's multiple comparison. To assess the ef-
fects of specific spectral regions on the dry-mass loss, chemical content,
and litter quality, we did a one-way ANOVA with pairwise contrasts (func-
tion glht, R package multcomp, (Hothorn et al., 2008)) at each collection
time (referring to our previous studies: Pieristè et al., 2019; Wang et al.,
2021). We used Benjamini-Hochbergs (BH) method (Benjamini and
Hochberg, 1995) to correct these P values for multiple comparisons. Two-
way ANOVAwas used to test the effects of canopy structure and filter treat-
ment on soil moisture content.
Table 2
Linear Mixed-Effects Models (LMM) results for three fixed factors (canopy structure, filt
lignin, C:N, and lignin:N with species as the random factor. Bold indicate statistically si

Factors df C loss (%) N loss (%)

F P F P

Canopy structure (CS) 1 322.66 <0.001 435.86 <0.001
Filter treatment (FT) 5 116.78 <0.001 60.82 <0.001
Season (S) 1 4465.30 <0.001 313.74 <0.001
CS × FT 5 111.78 <0.001 45.93 <0.001
CS × S 1 0.20 0.655 0.00 0.962
FT × S 5 7.19 <0.001 7.35 <0.001
CS × FT × S 5 16.63 <0.001 9.79 <0.001
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To quantify the relative effect of photodegradation, we calculated the
spectral response ratios (RR) of dry mass and lignin loss between spectral
contrasts (Day et al., 2015). We also calculated RR of mass loss in our pre-
vious study (Wang et al., 2021), but in the present study lignin fraction in-
creased (negative loss ratios) rather than consistently decreasing over the
experiment period. Thus, here we modified the response ratio calculation
according to the equation,

RR ¼ Qi − Qj

� �
=∣Qj∣ (4)

whereQ is the loss ratio (Xt / X0) at time t, and i and j are two treatments of a
contrast comparison. As the RR value (e.g. RRUV-B) increases above 0, more
mass or lignin is lost from litter, due to a specific spectral region, e.g. UV-B
radiation, compared with litter that did not receive UV-B radiation. The ef-
fects of threefixed factors (time, canopy structure, and filter treatment) and
their interactions on RR were analyzed by LMM as above.

We further used ordinary least squares regression (OLSR) to assess the
relationships between response ratios of mass and lignin loss. We tested dif-
ferences in slopes among treatments with nonlinear extra sum-of-squares F
test. Yeo-Johnson power transformation was used to ensure normality (Yeo
and Johnson, 2000). All statistical analyses were done in R version 3.6.3 (R
Core Team 2020).

3. Results

3.1. Litter microclimate

Accumulated solar spectral irradiance over the experimental periodwas
lower in the forest understorey than in the gap (Figs. 1b,c, S1). Understorey
solar spectral irradiance fluctuated greatly over the collection periods,
modified by canopy phenology. In the understorey during canopy closure,
PAR, blue light, UV-A, and UV-B radiation were attenuated by the canopy
by up to 96.1%, 96.0%, 96.3% and 98.6%, respectively, (Fig. S1). In the
understorey, cumulative irradiance on litter over the experimental period
was drastically reduced when the canopy was closed during the 2nd and
3rd experimental periods (from June to August, and from August to
October), and irradiance was only 5.9 % and 6.7 % of that accumulated
in the understorey respectively during each period (Fig. 1c). Soil moisture
content varied insignificantly among filter treatments and between the
understorey and gap (Fig. S2a). The litter temperature was similar among
filter treatments within the plot, but in the gap it was higher (22.4 °C)
than in the understorey (16.7 °C) (Fig. S2b).

3.2. Impacts of solar radiation on C, N, and lignin contents during litter
decomposition

Alongside the effect on mass loss and decay rate described in Wang
et al., 2021, litter quality, in terms of C, N and lignin during leaf litter
decomposition, was significantly affected by canopy structure, filter treat-
ment, season and their interactions (Table 2). During the 1st decomposition
period, C loss in the understorey was 15 % under the full spectrum of
sunlight, where UV-B radiation (Full-spectrum vs. No-UV-B treatment)
er treatment, and season) and their interactions on loss of carbon [C], nitrogen [N],
gnificant.

Lignin loss (%) C:N Lignin:N

F P F P F P

79.58 <0.001 62.33 <0.001 264.57 <0.001
82.62 <0.001 2.07 0.067 0.57 0.722

723.08 <0.001 1680.60 <0.001 49.44 <0.001
70.19 <0.001 2.60 0.024 0.15 0.979
6.85 0.009 4.32 0.038 4.53 0.033
4.33 0.001 0.93 0.458 1.41 0.216
9.39 <0.001 4.19 0.001 6.44 <0.001
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contributed 80 % of this C loss (the estimated effect of UV-B, P < 0.001,
Fig. 2a). However, the differences in filter treatments progressively
declined with canopy phenology (i.e., as the canopy closed) and were
absent by the last period before collection (by days 170 and 230)
(Table S2). In contrast, C loss in the gap was up to 75 % under the full spec-
trum treatment, and blue light contributed 27% to the C loss attributable to
photodegradation over the whole study period (Fig. 2a).

Understorey litter N content increased during the 1st and 2nd decompo-
sition periods and was significantly enhanced by red light and UV-A radia-
tion, respectively in the 1st and 2nd period (Figs. 2b, S4). In the forest gap,
Fig. 2. Seasonal variation in carbon, nitrogen and lignin loss from litter in response
to solar spectral regions in the forest understorey and canopy gap. Carbon (C) loss
(a), nitrogen (N) loss (b), and lignin loss (c) in leaf litter from 12 species (pooled)
exposed to solar radiation in six filter treatments in the understorey and gap. At
the bottom of each figure, estimates represent pairwise comparison results for
ratios responding to filter treatments: F-tests, with the Benjamini-Hochberg (BH)’s
correction for multiple comparisons, were used to calculate the P values. Each
point represents effects of spectral regions by comparing contrasts between
treatments. Full-spectrum treatment vs Dark treatment, Full-spectrum treatment
vs No-UV-B treatment, No-UV-B treatment vs No-UV treatment, No-UV treatment
vs No-UV/Blue treatment, No-UV/Blue treatment vs No-UV/Blue-Green (BG), No-
UV/ BG treatment vs Dark treatment, give the effect of full spectrum, UV-B, UV-A,
blue, green, and red light, respectively. The asterisk indicates the significant differ-
ence between treatments. Details are shown in Table S4–6. Values are means across
species (±SEM, n = 12). Four fast-decomposing species were totally collected at
the third time-point (October) (Fig. S3), and these data at the final collection, calcu-
lated according to the decay rates (k) of these species, was interpolated in the
curves.

6

N loss was significantly higher in treatments exposed to UV-B radiation and
blue light during the 3rd and 4th periods (Fig. 2b, Table S3). In terms of
lignin dynamics, there were no significant spectral effects on lignin in
the understorey during canopy flush, while exposure to the full spec-
trum of sunlight enhanced litter lignin loss by 64 % in the gap compared
with darkness, and blue light contributed 42 % to the effect of
photodegradation on lignin over the whole study period (Figs. 2c, S5;
Table S4). The C:N and lignin:N ratios were not significantly affected
by filter treatment, but were affected by the interaction of filter treat-
ment with canopy structure and season (Fig. S6; Table 2, S5,6), both
of which greatly impacted the cumulative amount of solar radiation
reaching the litter surface (Fig. 1).
3.3. Impact of solar radiation on C, N and lignin fractions during litter
decomposition

The C fraction lost was significantly affected by filter treatment and
season; such effects interacted significantly with canopy structure
(Table 3). In the forest gap, the C fraction lost in treatments exposed
to the full spectrum of sunlight dramatically decreased from April to De-
cember (from 0.58% to 0.11 % day−1) (Fig. 3a). In particular, a larger C
fraction was lost from litter exposed to UV radiation and blue light dur-
ing the 1st and 2nd periods, while the C fraction lost tended to converge
among filter treatments at the end of the experiment. In the understorey,
the C fraction lost was evident in treatments exposed to UV-B radiation
during the 1st periods, but during the 3rd period, it became greater in
treatments attenuating UV radiation and blue light than the others
(Fig 3a).

The temporal effect on N fraction lost significantly varied according to
canopy structure (CS× S interaction: P < 0.001, Table 3). In the gap, litter
N fraction lost was constantly higher in the full-spectrum treatment than the
No-UV/Blue and No-UV/BG treatments by the 3rd period, however this dif-
ferencewas no longer apparent at the end of the experiment (Fig. 3b). In the
understorey, the N fraction actually increased during canopy flushing
(i.e., N was gained) but N was lost from the 2nd period with the highest
values for N fraction lost found during the 3rd period towards canopy
leaf-fall (Fig. 3b). This suggests N immobilization took place during the
early phases, and N release at the later stages, of the decomposition process.

The effect of season and filter treatments on lignin fraction lost changed
significantly depending on canopy structure (Table 3). Lignin loss varied in
a similar pattern to the fractional N loss irrespective of season, treatments,
and canopy structure (Fig. 3c), with one exception; that lignin loss was
not lower but higher during the 1st period in comparison with the 2nd pe-
riod of decomposition in the understorey. Regarding the target of
photodegradation, in the understorey RR(lignin loss) was positively corre-
lated with RR(mass loss) irrespective of the spectral region considered
(F = 0.30, P = 0.91, Table 4, Fig. 4a), whereas in the gap the sign and
strength this relationship varied significantly depending on the spectral re-
gion considered (F = 4.44, P < 0.001, Table 4, Fig. 4b).
Table 3
LinearMixed-EffectsModels (LMM) results for threefixed factors (canopy structure,
filter treatment and season) and their interactions on period loss fractions (%
day−1) of carbon [C], nitrogen [N] and lignin with species as the random factor.
Bold indicate statistically significant.

Factors df C loss fraction N loss fraction Lignin loss
fraction

F P F P F P

Canopy structure (CS) 1 2.17 0.141 9.19 0.003 0.59 0.445
Filter treatment (FT) 5 3.46 0.004 2.09 0.065 2.32 0.042
Season (S) 1 81.16 <0.001 65.08 <0.001 20.15 <0.001
CS × FT 5 4.33 0.001 1.72 0.128 2.25 0.048
CS × S 1 15.78 <0.001 19.22 0.001 5.44 0.020
FT × S 5 1.46 0.200 0.68 0.637 1.84 0.104
CS × FT × S 5 1.08 0.373 0.33 0.893 0.84 0.524



Fig. 3. The carbon, nitrogen and lignin loss ratio fraction in six filter treatments at
each of four decomposition periods in the forest understorey and canopy gap.
Carbon (C) loss (a), nitrogen (N) loss (b), and lignin loss (c) in leaf litter from 12
species (pooled). Bars are means across species (±SEM, n = 12). Different
lowercase letters denote significant difference among spectral regions within a
period (P < 0.05).

Table 4
Ordinary least squares regression (OLSR) results for relationships between the re-
sponse ratio of RR(mass loss) and RR(lignin loss) among spectral regions under
two canopy structure over the whole experimental period. n = 44 from 12 species
and 4 collection times, except for two herb species (Filipendula camtschatica and
Pertya trilobata) and two shrub species (Lindera obtusiloba Blume and Schisandra
chinensis) were totally collected at the third time (October), due to their fast decom-
position rate. P1-values in bold indicate that the regression was statistically signifi-
cant (P < 0.05). Difference in slopes among spectral regions was tested with
nonlinear extra sum-of-squares F. P2-values in bold indicate that the slopes were sig-
nificantly different among relationships. Bold indicate statistically significant.

Spectral
regions

Forest understorey Forest gap

Slope Intercept R2 P1 Slope Intercept R2 P1

Full spectrum 0.45 −0.16 0.31 <0.001 0.87 0.45 0.51 <0.001
UV-B 0.51 0.26 0.36 <0.001 0.23 0.35 0.17 0.006
UV-A 0.53 −0.16 0.42 <0.001 0.37 0.20 0.23 0.001
Blue 0.42 −0.26 0.28 <0.001 0.52 0.66 0.26 0.000
Green 0.40 −0.42 0.33 <0.001 0.39 0.01 0.23 0.001
Red 0.39 −0.19 0.26 <0.001 0.21 −1.03 0.08 0.059
F 0.30 4.44
P2 0.91 0.00
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4. Discussion

4.1. The importance of photodegradation in accelerating C loss in temperate
forest ecosystems depends on both canopy structure and canopy phenology

The divergence among C loss curves highlights the different effects of
filter treatments in the forest gap (Fig. 2a), and illustrates how
photodegradation significantly accelerates surface litter decomposition
where gaps open in the forest canopy (Fig. 2a). This is consistent with find-
ings from drylands (Austin and Vivanco, 2006; Austin et al., 2016;
Berenstecher et al., 2020), in suggesting photodegradation can be a major
contributor to C turnover across terrestrial ecosystems including temperate
forests (Wang et al., 2021).

In the understorey, C loss curves across filter treatments tended to be
convergent (Fig. 2a), which implies that microbial decomposition rather
than photodegradation drives litter mass loss in the understorey where
solar irradiance is low (Fig. 1). Aswell as reducing irradiance, forest canopy
shade can decrease the daytime temperature and evaporation from the soil,
potentially accelerating decay by maintaining a cool and humid environ-
ment on the forest floor. The favorable environment for decomposition
meant that the average C lost by litter across all treatments in the
understorey was not much less than that in the gap (Fig. 2a), where temper-
ature and evaporation are higher during the daytime (Fig. S2b). This result
is consistent with findings from various biomes regarding canopy-cover
effects, e.g., in tropical (Marinho et al., 2020), subtropical (Ma et al.,
2017), and temperate forests (Wallace et al., 2018). Nevertheless, we
found evidence that photodegradation driven by UV-B radiation before
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canopy closure does function in the understorey (Fig. 2a). After the spring
canopy-flush, most sunlight is absorbed by leaves in the canopy, especially
blue and red light which are important in photosythesis (Navrátil et al.,
2007). Whereas, before canopy closure in spring, UV-B and UV-A radiation
and blue light are relatively enriched in the diffuse radiation of understorey
shade compared to longer wavelengths, mainly because of their greater
Rayleigh scattering by atmosphere (Durand et al., 2021; Flint and
Caldwell, 1998; Hartikainen et al., 2018).

The importance of UV-B radiation in our findings differs from previous
studies which emphasized the importance of UV-A and blue light in
understorey decomposition (Pieristè et al., 2019). The reason for this
difference may be the higher relative contribution of UV-B radiation to
the spectrum in our study, because it was performed at a lower latitude in
Ibaraki Japan compared with Rouen or Helsinki where the low solar
elevation angle means that UV-B irradiances are low at the time of canopy
closure.

4.2. Lignin decomposition dynamics depends on spectral composition and canopy
structure

The dynamics of lignin loss was driven by blue light in the forest gap,
particularly at the early stages of decomposition (Figs. 2c, 3c). Lignin is
generally considered to be a “bottleneck” for C turnover (Austin et al.,
2016), since it is not only recalcitrant to enzymatic degradation (Swift
et al., 1979), but also provides limited labile C compounds to microbes
(Manzoni et al., 2008), being largely decomposed by fungi during the
later phases of decomposition (Osono and Takeda, 2001). On the other
hand, lignin is subject to photodegradation, due to its effective absorption
of UV radiation and short-wavelength visible light (Austin and Ballaré,
2010). Our finding of respectively higher and lower lignin loss when UV ra-
diation and blue-green light were transmitted and attenuated in the forest
gap, is the first to show the dual role of lignin is not limited to drylands,
but is also valid for mesic ecosystems where solar irradiance reaches on
the litter surface. Austin et al. (2016) found that photodegradation via
blue-green light mainly alleviated the bottleneck imposed by lignin in cell
walls and enhanced subsequent microbial decomposition, highlighting
the importance of photofacilitation from solar radiation. However, our in
situ study provides evidence that ambient sunlight can directly drive lignin
loss in the field, modulated by spectral composition (Fig. 4b).

Both photochemical mineralization and photofacilitationmay underpin
the reported effect on lignin decomposition, though it is difficult to disen-
tangle these two mechanisms in the field as both occur simultaneously. In
mesic ecosystems, a precipitation pulse occurs much more frequently
than in arid and semi-arid ecosystems (Song et al., 2011). Hence, many
small molecules and soluble compounds locked within the cell walls are



Fig. 4. Relationships between the response ratios of RR(mass loss) and RR(lignin loss) among spectral regions in the forest understorey and canopy gap over the whole
decomposition period (April–December 2018). The lines of best fit using ordinary least squares regression (OLSR) are plotted. Symbols associated with solid colored lines
in each figure denote significant relationships (P < 0.05). n = 44 from 12 species and 4 collection times, except for two herb species (Filipendula camtschatica and Pertya
trilobata) and two shrub species (Lindera obtusiloba Blume and Schisandra chinensis) which were totally collected at the third time point (October), due to their fast
decomposition rate. Detailed regression results are shown in Table 4. F and P values represent the difference in slopes among spectral regions tested with nonlinear extra
sum-of-squares F test, and values in bold indicate statistically significant differences (P < 0.05).
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easily leached out in moist conditions once the lignin linkages are broken
down by photochemical mineralization. Meanwhile, gas emissions may
be responsible for a considerable fraction of litter mass loss. For instance,
dryland studies found that CO2 emission from direct photochemical
mineralization accounted for as much as 39% of the C loss through
photodegradation (Day and Bliss, 2019, 2020), without it ever entering
the soil C pool (Méndez et al., 2019). Although gas emissions were not di-
rectly quantified in the present study, scaling up to the ecosystem level,
we modeled the contribution of photodegradation to litter C loss, finding
it to contribute between 13 and 63 % compared with typical estimates of
litter decomposition in the understorey (Wang et al., 2021). This contribu-
tion may partly explain the missing C loss in global carbon budgets (Neale
et al., 2021) for mesic ecosystems, which to date is unaccounted for.

More lignin was lost in the understorey when exposed to UV radiation
and blue light during our first and final collection periods; those character-
ized by an open canopy (Fig. 3c). On the contrary, the lignin loss fraction
was slightly higher in treatments attenuating UV and blue light during
canopy closure (August–October), despite the irradiance then being low.
This finding is in agreement with our previous reports that fungi are
favored by the exclusion of UV, blue and green light (Pancotto et al.,
2003; Pieristè et al., 2020a). This is cogent with the suggestion that
microbial degradation plays a key role in litter decomposition processes
in shady, cool, and humid environments (Figs. S1, 2),which are particularly
favorable to microbial activities (Ma et al., 2017). In the forest gap more C,
N and ligninwere lost in the darkness (Fig. 2); a result which could similarly
be ascribed to high microbial degradation (Pieristè et al., 2020a; Wang
et al., 2020).

4.3. N tends to bemineralized in the forest gap but immobilized in the understorey
during litter decomposition processes

Similar to lignin loss, Nwas quickly lost from litter in Full-spectrum,No-
UVB, and No-UV treatments in the forest gap (Fig. 2b). Differences in the
respective fraction of N loss (Fig. 3b) indicated that UV radiation and
blue light generally increased N mineralization. This implies that high
solar irradiance promotes nutrient release from litter through lignin photo-
chemical mineralization (Austin et al., 2016;Méndez et al., 2019). As a con-
sequence, the release dynamics of N and C and lignin appear to be
coordinated in the gap, as supported by convergent C:N and lignin:N ratios
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among treatments (Fig. S6). Moreover, UV radiation and blue light may
also inhibit microbial activitiy and reduce N immobilization (Gallo et al.,
2006; Barnes et al., 2015; Pieristè et al., 2020a), though it is not clear
how photoinhibition counterbalances photofacilitation in mesic ecosys-
tems. We found that N release in the gap was continuous over the experi-
mental period (Fig. 2b), rather than occurring mostly during the early
stages of decomposition as previously reported from a controlled experi-
ment with dryland litter-soil (Foereid et al., 2010). A possible explanation
for this difference in findings between biomes could be that solar radiation
disrupts cell-wall integrety in litter especially when combinedwith changes
in local weather (e.g. temperature or rainfall fluctuations) in a mesic
climate.

On the other hand, N in the understorey was immobilized during can-
opy flush but switched to N release in late summer prior to canopy leaf-
fall (Figs. 2b, 3b). In general, N immobilization can be attributed to micro-
bial activity on the litter surface (Parton et al., 2007). During the early
phase of decomposition, microbes, particularly bacteria, may be facilitated
by the presence of micromolecules (Parton et al., 2007). These may be pro-
duced in part by direct photomineralization before canopy closure (Baker
and Allison, 2015; Pieristè et al., 2020a), as suggested by the high C loss
fraction corresponding to loss of the low lignin fraction (Fig. 3). Under an
environmental scenario with increased N deposition, we could expect the
initial C:N ratio of litter to be lower which might affect the decomposition
rate in a similar manner to that following increase in N immobilization dur-
ing the early phase of decomposition (Sun et al., 2016). Hereafter, the frac-
tions of N and lignin loss were small between June and August, whereas the
C loss fraction remained large. This may imply high initial microbial activ-
ity consuming C available as labile cell solutes (Lin and King, 2014), and
suggests that photofacilitation (or photopriming) lags after canopy flush-
ing. During later phases of decomposition, high N release may not only be
related to increased penetration of solar irradiance through the canopy dur-
ing and after leaf-fall, but also associated with the lower C:N ratios of litter
(Fig. S6a), due to N accumulation during the preceding period. Further-
more, relatively high photodegradation responding to UV-B radiation
(Fig. S7a) suggests that varying understorey UV-B radiation may have a
positive effect on microbes via photofacilitation outweighing its negative
effect of photoinhibition. This supports the hypothesis that dark periods
are essential for photopriming over a daily timescale (Lin et al., 2018), or
even within a single day (Gliksman et al., 2017), e.g., under the fluctuating
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light conditions found in the forest understorey, whereby litter in shade
may receive very little irradiance until caught in a sunfleck.

Variations in N mineralization, immobilization and release, driven by
photodegradation during decomposition, may affect seasonal changes in
nutrient availability in forest soils for plants and microbial communities
that are partially mediated by the phases of canopy phenology. The magni-
tude of these fluctuations in N dynamics will also depend on global
changes, such as stratospheric ozone and climate (e.g., cloud cover)
which modify incoming solar radiation (Sulzberger et al., 2019), on re-
gional and local scales. This means that soil nutrient availability may be
underestimated based on traditional models of N dynamics during decom-
position, which fail to account for the role of photodegradation in the time-
course release of N from litter. However, caution is required in assessing the
relationship betweenN dynamics and canopy phenology resulting from this
experiment, since litter decomposition in temperate deciduous forests starts
in autumn and we began our experiment in spring. Although the N dynam-
ics we observed are similar to the general pattern found in experiments
starting in autumn (i.e., N immobilization in early stage of decomposition,
and N release in later stage of decomposition) (Pei et al., 2019), absolute
microbial activities may differ between winter and spring. Future studies
are necessary to understand microbial mechanisms that interact seasonally
with photodegradation.

Theflat single-layer litterboxwas designed to ensured homogeneous ex-
posure to sunlight, avoiding litter overlapping in the traditional litterbag
(Pieristè et al., 2019, 2020a; Wang et al., 2021). However, this could pro-
duce an overestimate the effect of solar radiation on litter turnover in tem-
perate forests, where the leaf-litter layer is generally thick. Nevertheless,
photodegradation on the surface layer may have potential priming effects
on litter decomposition, since the leaf-fall timing is different among species.
It may consequently promote litter turnover after being covered by new
litter.

5. Conclusions

The present study demonstrates that canopy structure and phenology
can modulate the impacts of solar radiation on C and N dynamics during
leaf litter decomposition in a temperate forest. Lignin loss was greater
and significantly correlated with mass loss due to solar radiation in the for-
est gap, where it is exposed to higher solar irradiance, particularly blue
light. Whereas in the understorey, UV-B radiation made the greatest contri-
bution to photodegradation, which was only a factor affecting decomposi-
tion before spring canopy closure. On the other hand, periodic C and
lignin loss fractionswere decoupled from cumulative irradiance during can-
opy closure. Similarly, N tended to be mineralized in the gap during lignin
decomposition, while in the understorey was immobilized during can-
opy flush but by late summer N release had become the dominant pro-
cess. Our findings highlight the need to incorporate photodegradation
into empirical models predicting how global C and nutrient cycles re-
spond to climate changes. This is required because of large spatiotempo-
ral changes in photodegradation and its interaction with land use and
disturbance.
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