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Autumn sunlight promotes aboveground =

carbon loss in a temperate mixed forest

Xingzhi Li'*? Yanan Wang'??, Juanjuan Zhang'??, Thomas Matthew Robson®?, Hiroko Kurokawa®,
Huan Peng', Li Zhou'?, Dapao Yu'?, Jiaojiao Deng'*" and Qing-Wei Wang'**"

Abstract

Background Photodegradation of plant litter plays a pivotal role in the global carbon (C) cycle. In temperate forest
ecosystems, the exposure of plant litter to solar radiation can be significantly altered by changes in autumn phenol-
ogy and snow cover due to climatic change. How this will affect litter decomposition and nutrient dynamic interact-
ing with forest canopy structure (understorey vs. gaps) is uncertain. In the present study, we conducted a field experi-
ment using leaf litter of early-fall deciduous Betula platyphylla (Asian white birch) and late-fall deciduous Quercus
mongolica (Mongolian oak) to explore the effect of change in autumn solar radiation on dynamics of litter decompo-
sition in a gap and understorey of a temperate mixed forest.

Results Exposure to the full-spectrum of not only significantly increased the loss of mass, C, and lignin, but also mod-
ified N loss through both immobilization and mineralization during the initial decomposition during autumn canopy
opening, irrespective of canopy structure and litter species. These effects were mainly driven by the blue-green
spectral region of sunlight. Short-term photodegradation by autumn solar radiation had a positive legacy effect

on the later decomposition particularly in the forest gap, increasing mass loss by 16% and 19% for Asian white birch
and Mongolia oak, respectively.

Conclusions Our results suggest that earlier autumn leaf-fall phenology and/or later snow cover due to land-use
or climate change would increase the exposure of plant organic matter to solar radiation, and accelerate ecosys-
tem processes, C and nutrient cycling in temperate forest ecosystems. The study provides a reference for predictive
research on carbon cycling under the background of global climate change.
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Introduction

Plant litter decomposition is the crucial biogeochemi-
cal processes that controls nutrient cycling in terres-
trial ecosystems (Friedlingstein et al. 2020), impacting
carbon (C) sinks, soil fertility, and releases C backflow
to the atmosphere. It is widely accepted that the rate of
litter decomposition is primarily regulated by climate,
initial litter traits, and decomposers (Counteaux et al.
1995, Currie et al. 2009, Waring 2012, Garcia-Palacios
et al. 2013). However, recent evidence has identified
photodegradation induced by solar radiation as another
main driver of litter decomposition and C cycling in a
wide range of ecosystems (Marinho et al. 2020; Jiang
et al. 2022; Berenstecher et al. 2022; Wang et al. 2022a,
b). These researches broaden our knowledge that photo-
degradation is a ubiquitous contributing driver of decom-
position across biomes (Barnes et al. 2022). This suggests
that factors altering the exposure of plant litter to solar
radiation, or interacting with the role of solar radiation,
may affect terrestrial carbon and nutrient cycling in the
context of global change (Bernhard et al. 2020; Sulz-
berger et al. 2019). Such an effect would have important
implications for temperate forest ecosystems, which have
become the main global carbon sinks (Yang et al. 2023),
given that their high seasonality in canopy structure and
phenology may contribute to the interannual variation in
global C balance.

Solar radiation can directly break down plant litter and
release greenhouse gases (GHGs) into the atmosphere
without biodegradation (referred to as photomineraliza-
tion). Photomineralized compounds do easily leach dur-
ing rainfall (Yao et al. 2022), but also make litter more
palatable to microbes and thereby enhance microbial
decomposition (referred to as photofacilitation) (Keiser
et al. 2021). Photofacilitation can occur on a timescale
of days, or even within a single day (Gliksman et al
2017a). It is well known that ultraviolet (UV) radiation
(290-400 nm) and short-wavelength visible light (blue-
green, BG, 400-600 nm) are the main spectral regions
causing photodegradation. Lignin has been identified as
preferentially photodegraded due to its absorbance spec-
trum (Austin et al. 2016; Austin and Ballare 2010). There-
fore, the relative significance of the photodegradation to
decomposition rates depends on the spectral regions to
which litter is exposed and litter quality (e.g., lignin/N
ratio).

There is growing evidence that photodegradation is a
cause of litter decay in temperate forest ecosystems, even
in areas with relatively low solar radiation, such as shaded
undergrowth (Pieriste et al. 2019, 2020a; Wang et al.
2022b, 2021). Forests canopy dynamics (e.g., gap creation,
canopy phenology) can modulate litter decomposition
rates and nutrient flux by modifying photodegradation.
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The reduction in forest canopy closure is the dominant
form of disturbance due to changes in land-use (e.g.,
deforestation and clear felling). Together with climatic
drivers, the increase in sunlight exposure gaps facilitates
the litter decomposition of leaves, twigs, and logs (Chen
et al. 2023; Wang et al. 2022b), and slows litter humifi-
cation process (Wu et al. 2023), enhancing ecosystem
C release. Our recent study has found that exposure to
the full-spectrum when a forest gap opens can greatly
increase litter decomposion rate by almost 120% across a
wide range of species (Wang et al. 2021). Moreover, N is
immobilized in the understorey during canopy flushing,
but released during canopy leaf-fall (Wang et al. 2022b).
Together, these findings suggest that seasonal canopy
phenology can significantly change the N dynamics dur-
ing litter decomposition by modulating sunlight reach-
ing the forest floor. Therefore, models of biogeochemical
cycling rates in temperate forest ecosystems in response
to climate and land-use change could be improved by
including variation in solar radiation, as modified by can-
opy structure and phenology.

At the field scale, controls on initial decomposition are
ascribed to micro-environmental factors and changes
in litter exposure to solar radiation (Berenstecher et al.
2021; Wang et al. 2022a, b). In drylands, litter decompo-
sition is driven by direct photomineralization in summer
when there is little moisture, and by photofacilitation
during winter due to increased microbial access to labile
carbohydrates when conditions are moist (Berenstecher
et al. 2022). However, photofacilitation remains domi-
nant in accelerating litter decomposition rate year-round,
because litter in temperate forests is exposed to a hetero-
geneous radiation and mesic environments with diverse
decomposer organisms due to vegetation cover (Neale
et al. 2021). In many northern temperate biomes, the size
of this photofacilitation effect may partially depend on
accumulated solar radiation during the period from can-
opy leaf-fall to snow cover, since the snowpack can last
to the next year’s canopy flushing. For example, standing
dead leaf litter over winter has a higher decomposition
rate (up to double) during the following year than leaf
litter covered by the snowpack. With continued climate
change, the timing of autumn leaf senescence (leaf-fall
phenology) and/or snow cover will be further delayed in
temperate regions (Chen et al. 2020; Zani et al. 2020). Lit-
ter of early-fall deciduous species (i.e., species that lose
their leaves early in the autumn) and the species that
live beneath them receives more solar radiation than
litter from late-fall deciduous species. This distinction
according to autumn leaf-retention strategy may poten-
tially differentiate litter photodegradation rates together
with differences in the litter quality of these two func-
tional types of trees. However, little is known about how
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autumn solar radiation interacts with canopy structure
and phenology to drive litter C turnover and nutrient
dynamics in temperate forests in an ecological context.

To address this issue, we conducted a field experiment
to investigate the effect of changes in autumn solar radia-
tion on the dynamics of litter decomposition in a gap and
understorey of a temperate mixed forest. We selected lit-
ter from two dominant tree species with large differences
in their autumn leaf-fall phenology: early-fall deciduous
species Betula platyphylla (Asian white birch) and late-
fall deciduous species Quercus mongolica (Mongolian
oak). Spectral attenuation filter treatments were used to
quantify the contribution of photodegradation to litter
decomposition. Changes in autumn solar radiation were
created by setting up one group of litterboxes with dif-
ferent filters at the beginning of autumn canopy opening
(ACO type) and another group at the beginning of win-
ter snow cover (WSC type) in the forest gap and under-
storey. We hypothesized that: (H1) photodegradation by
autumn solar radiation would directly accelerate initial
mass and lignin loss, even though the exposure period
between leaf-fall and snow-cover is relatively short;
(H2) photodegradation by autumn solar radiation may
accelerate litter decay during the following growing sea-
son, due to photofacilitation from pre-exposure of litter
during autumn leaf-fall; (H3) During the initial decom-
position period, nitrogen (N) mineralization would pre-
dominantly occur in ACO litter due to photodegradation,
while nitrogen immobilization predominantly occurs in
WSC litter owing to the absence of photodegradation.
However, during the growing season, at a later stage of
litter decomposition, the dominant process would be
nitrogen release in both litter types, regardless of prior
photodegradation.

Materials and methods

Site description

The study was conducted in the Changbai Mountain
Forest Ecosystem Research Station (CMFER) (42°01"—
42°48'N, 127°53’-128°34"E), in Jilin Province, China,
which has a temperate continental monsoon climate
at an altitude of 750 m. Average climate for a period of
2020-2021 is: annual monthly temperature is — 7 to 3 °C,
with minimum average of — 20 °C in winter and maxi-
mum average of 22 °C in summer. Average annual pre-
cipitation is 700-1400 mm, of which 60%-70% occurs
in June—September. The mature and old-growth forests
are mixed forests dominated by broadleaved trees and
Pinus koraiensis. A 7X7 m plot in the CMFER understo-
rey was established where the natural light environment
varies seasonally with canopy phenology. Additionally, a
similar-size gap plot was established in an adjacent gap,
which provided a homogeneous light environment and
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ensured that the soil conditions were similar to those of
the understorey plot. Fences were used to protect plots
against wild mammals (mainly boars).

Litter collection

Freshly senesced leaves of the early-fall deciduous species
B. platyphylla (Asian white birch) with low lignin con-
centration and the late-fall deciduous species Q. mongol-
ica (Mongolian oak) with high lignin concentration were
collected in September and November 2019, respectively
(Table S1). All litter samples were laid flat in newspaper,
pressed in a wooden frame and oven-dried at 37 °C to a
constant weight. The pressed litter samples were kept in
the dark at 25 °C until their transfer to litterboxes.

Experimental design

Based on our previous study, litter materials were placed
in a litterbox (Wang et al. 2021). The litterbox frame was
made from sterile plastic straws (21 cm long and 18 cm
wide, 1.3 cm height; Bihin, Japan). A central pillar was
made from a section of plastic straw, which maintained
a space in the litterbox preventing the litter touching the
filters during decomposition. Litterbox tops consisted
of different spectral filters, including: (1) Full-spectrum
treatment, with a fully transparent polyethene filter
(Okura, Marugame, Japan), transmitting approximately
95% of the total solar spectrum>280 nm; (2) No-UV
treatment, filtering all UV radiation <400 nm (0.2-mm-
thick Rosco EColor 226 filter, West lighting, Helsinki,
Finland); (3) No-UV-&-Blue-Green (BG) treatment,
attenuating all UV, blue and green wavelengths <580 nm
(0.2-mm-thick Rosco E-Color 135 Deep Golden Amber
filter). In order to allow air, moisture, and microorgan-
isms to interact with the litter, holes with a diameter of
2 mm were drilled into the filter on a 1-cm grid. The bot-
tom of the litterboxes was made of 0.1-mm nylon mesh
(19%x 19 cm), which excludes soil animal incursion. Leaf
litter was placed with the adaxial epidermis facing up and
fixed flat to the bottom mesh with stainless steel staples
(2—8 leaves per litterbox, weighing 1.0 g per species).

Litterbox deployment and collection

In order to evaluate the influence of the autumnal solar
radiation on the above-ground carbon turnover, we built
two decomposition experiments in October 2020 for
ACO type that receives the photodegradation during
the autumn, at the beginning of autumn canopy open-
ing, and in December 2020 for WSC type that receives no
photodegradation during the autumn, at the beginning
of winter snow cover. In each plot, four blocks of litter-
boxes were randomly pinned to the soil surface (Fig. 1A).
Temperature and solar radiation were recorded using
HOBO (Onset Computer Corporation, MX2202, Bourne,
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(A) ACO(deployment at the beginning of autumn canopy opening)
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WSC(deployment at the beginning of winter snow cover)
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Fig. 1 Field experiment site and microclimate. A Litterboxes were randomly pinned to the soil surface in four blocks in the plots of the forest gap
and understorey in October 2020 (litterboxes placed at the beginning of autumn canopy opening, ACO) and December 2020 (litterboxes placed

at the beginning of winter snow cover, WSC); B Soil moisture under litterboxes in the gap and understorey; C Daily mean temperature in litterboxes;
D Snow depth in plots; E Cumulative solar irradiance received by litter in the gap and understorey

MA, USA). The depth of snow cover was measured every
week. Plots were checked every 2 weeks and any debris
on the litterboxes were cleaned. Soil moisture content
was measured using the drying method.

Based on the estimated timing of leaf fall and snow
accumulation in the Changbai Mountain region over the
years, we designed two key time points for deployed lit-
terboxes, ACO litterboxes were randomly collected after
60, 180, and 360 days of the field experiment (6 Decem-
ber 2020, 4 April and 1 October 2021) according to the

canopy phenology and snow cover. WSC litterboxes were
randomly collected after 120, and 300 days of the field
experiment (4 April and 1 October 2021). After retriev-
ing the litterboxes, any non-litter material, e.g., soil and
dust, was gently cleaned from the litter surface and litter
was oven-dried at 37 °C to a constant weight. A total of
288 litterboxes were used in the experiment (ACO: 2 spe-
cies X 3 filter treatmentsX2 plots x4 collection times X 4
replicates; WSC: 2 speciesx3 filter treatmentsx?2
plotsx2 collection timesx4 replicates). The ash-free
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dry mass was determined after samples were treated in a
muffle oven (550 °C for 5 h).

Litter trait measurements

Leaf mass per area (LMA) was determined using Fiji
software (www.fiji.sc, IMAGE]J) based on the litter area
and oven-dried weight of scanned leaves. Total C and
N content were quantified using an elemental analyzer
(Vario MACRO Cube, Germany). The lignin content was
determined using an improved acetyl-bromide procedure
(Fukushima and Hatfield 2001). Soluble sugar and starch
contents were assessed through anthrone colorimetry.
The litter initial traits are shown in Table S1.

Statistical analyses

The ash content was used to determine the ash-free dry
weight of the litter mass and the biochemical contents (C,
N and lignin). We used the following equations to calcu-
late the mass loss ratio (M) and nutrient loss (Q) per unit
mass during the process of the experiment.

M = (1—X;/Xo) x 100%

Q=1—(X; x Y;)/(Xo x Yo) x 100%

X, and X, are dry mass, and Y|, and Y, are nutrient con-
tents at the beginning of the experiment and at time ¢,
respectively.

In order to examine each phase’s decomposition
dynamics, we calculated the loss ratio (%/day) of mass, C,
N, and lignin.

Loss(%/day) = (Q — Qi—1)/AT

where Q,, Q,_; are the loss ratio of nutrient mass at time
¢t and the previous time (¢t — 1), respectively. AT is the
number of days between the two collection times.

We calculated the spectral response ratio of litter mass
and nutrient (C, N, lignin) loss at each harvest, in order
to clarify exactly which spectral regions were important
for decomposition.

Response ratio (RR) = (Qi—Qj)/ |1 Q) |

where Q;, Q; are the mass and nutrients loss of litter in
the filter treatment i and j, respectively.

The contrasts between the treatments transmit-
ting solar radiation:>280 nm vs>580 nm,>280 nm
vs >400 nm, >400 nm vs > 580 nm, gave the effect of full-
spectrum, UV, blue & green, respectively. As the RR value
(e.g. RR,,) increases above 0.0, more mass and nutrient
loss increase, as attributable to each specific spectral
region, e.g. litter that received or did not receive UV
radiation.
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Linear mixed effects models (LMM) were used to test
the effects of canopy structure deployment time, filter
treatment and their interactions on mass and nutrient
(litter C, N and lignin) loss. Furthermore, least signifi-
cant difference (LSD) was used to conduct multiple com-
parisons (p <0.05). To evaluate the effect of autumn solar
radiation on lignin loss, we performed ¢-test comparisons
between ACO and WSC groups. Correlative relation-
ships between lignin loss in the early stages of decom-
position and changes in mass loss during the growing
season were evaluated by linear regression using RStudio
with ggplot2.

Results

Climate characteristics

Soil moisture among different filter treatments did not
vary significantly both in the forest gap and understorey
(Fig. 1B). The temperature was similar between the filter
treatments within the plot, but was higher in the forest
gap (mean value was 22.4 °C) than in the understorey
(mean value was 16.7 °C) (Fig. 1C). The snowpack formed
at the beginning of December and melted at the end of
March, with the maximum depth 17 ¢cm in the gap and
14 cm in the understory (Fig. 1D). Cumulative solar irra-
diance during the experiment was higher in forest gap
than understorey (Fig. 1E): the dose received by ACO and
WSC litter was 832.83 and 515.66 MJ m~2 in the under-
storey, respectively, and 2133.09 and 1729.09 MJ m™ in
the gap, respectively.

Response of initial litter decomposition to change

in autumn solar radiation

Initial litter decomposition (the first 60 and 120 days of
decomposition for ACO and WSC, respectively) of both
Asian white birch and Mongolian oak were driven by
canopy structure, filter treatments, deployment time,
and their interactions (Table 1). In general, ACO lit-
ter deployed just before snow cover had a higher mass
loss rate, which up to 2.1 times than that of WSC lit-
ter, irrespective of species; ACO litter decayed faster in
full-spectrum and No-UV treatments than No-UV&BG
treatment (except for Asian white birch in the understo-
rey) (Fig. 2A). ACO litter was more prone to lignin loss
than litter mass and mass loss, particularly in the for-
est gap, and these processes occurred faster than that in
WSC litter (Figs. 2A, B, 3A, B). However, WSC litter also
exhibited a significant variation in lignin loss among fil-
ter treatments, with the exception of Mongolian oak in
the understorey (Fig. 2B). N loss in ACO litter followed
a similar pattern to that of lignin loss, however, N tended
to be immobilized in WSC litter (Fig. 2D); for example, N
loss in WSC litter of Mongolian oak was much lower in
No-UV&BG treatment than other two filter treatments.
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Table 1 Linear mixed-effects model (LMM) results of three fixed factors (canopy structure, filter treatments, and deployment time) and
their interactions on mass and nutrient (C, N, and lignin) loss of Betula platyphylla and Quercus mongolica litter during the period from
the autumn canopy opening to the winter snow cover (non-growing season)

Factor DF Mass loss Lignin loss Closs N loss
e P e P X P X P
Betula platyphylla
Filter treatment (Ft) 3 11.25 0.004 57219 <0.001 27.28 <0.001 218.99 <0.001
Canopy structure (Cs) 1 36.66 <0.001 56.31 <0.001 091 0.341 30.21 <0.001
Deployment time (Dt) 1 586.05 <0.001 837.31 <0.001 911.64 <0.001 6316.62 <0.001
FtxCs 3 10.12 0.006 72.24 <0.001 542 0.067 100.27 <0.001
Ftx Dt 3 40.99 0.014 248.73 <0.001 852 0.014 175.99 <0.001
CsxDt 1 0.72 0.390 3481 0.007 80.79 <0.001 27.35 <0.001
CsxDtxFt 3 0.68 0.710 23.32 <0.001 5.65 0.079 11343 <0.001
Quercus mongolica
Filter treatment (Ft) 3 34.96 <0.001 294.99 <0.001 934 0.009 23923 <0.001
Canopy structure (Cs) 1 411 0.042 49.28 <0.001 1.53 0.828 2.17 0.141
Deployment time (Dt) 1 926.71 <0.001 153.76 <0.001 106.06 <0.001 2279.93 <0.001
FtxCs 3 1.24 0.567 20.88 <0.001 13.69 0.001 34.60 <0.001
Ftx Dt 3 38.16 <0.001 102.95 <0.001 393 0.140 446 0.108
Csx Dt 1 17.72 <0.001 16.02 <0.001 0.12 0.740 0.00 0.988
CsxDtxFt 3 1.126 0.569 1249 0.002 7.05 0.029 0.88 0.645

p-values in bold indicate statistically significant differences (p <0.05)

The majority of spectral response ratios (RR) for mass
loss were positive for ACO litter irrespective of canopy
structure and litter species (Fig. 4). Asian white birch
had higher values of RR;j spectrum (0-16) and RRyjyeggreen
(0.10) in the gap, and RR pectrum (0-10) and RR,, (0.10)
in the understorey. For Mongolian oak, the RRg_spectrum
and RRyjyeggreen Were higher (0.35 and 0.26 in the gap,
and 0.25 and 0.23 in the understorey). RRg spectrum and
RRyjeggreen Were higher than RRy, in most of cases.
These results indicated that the full-spectrum signifi-
cantly accelerated mass and lignin loss, and most of this
effect was accounted by blue-green light rather than UV
radiation for ACO of both species (Fig. 4A, B). Notably,
positive RR values of lignin loss were also found for WSC
litter of two species (Fig. 4B), even though the incuba-
tion started from the beginning of the winter snow cover,
implying that photodegradation occurred in WSC litter.

Legacy effect of autumn solar radiation on litter mass loss
during the growing season

The litter mass loss of Asian white birch and Mongolian
oak varied significantly depending on canopy structure,
filter treatments, deployment time, and their interac-
tions during the growing season (Table 2). Both ACO and
WSC litter experienced higher mass loss in full-spectrum
and No-UV treatments compared to the No-UV&BG
treatment in the forest gap, but not in the understorey,
regardless of species (Fig. 5A). Their positive values of

RR (Fig. 6A) suggest that litter decomposition processes
were promoted by photodegradation when litterboxes
were re-exposed to solar radiation (especially blue-green
light) during the growing season.

However, the relationships between mass loss for ACO
and WSC indicated that ACO litter lost mass faster than
WSC litter (Fig. 7A), suggesting there is a role for legacy
effect of autumn solar radiation. For Asian white birch,
the values of RRgpectrum (1-34) and RRpjeggreen (1.53)
in ACO litter were higher than those in WSC litter (0.49
and 0.33) in the gap, and the difference between ACO
and WSC was 83% and 119%, respectively. Such differ-
ences for Mongolian oak were 51% for RRg pectrum and
42% for RRyjcggreen (Fig. 6A, S3). Blue-green light was
the main spectral region driving the legacy effect on litter
decomposition during the subsequent growing season.

Legacy effect of autumn solar radiation on litter nutrient
loss during the growing season

Canopy structure and filter treatments, interacting with
deployment time, significantly affected litter nutrient loss
in two tree species during the growing season (Table 2).
Similar to litter mass loss, ACO and WSC litter showed
faster lignin and C loss under full-spectrum and No-UV
treatments than those under No-UV&BG treatment dur-
ing the growing season in the forest gap, but not in the
understorey (Fig. 5B, C). RR values indicated that blue-
green light is the main spectral region accounting for



Li et al. Ecological Processes

(A)

0.5
0.4 1
0.3 1
0.2 4

0.1 1

0.0
0.6

mass loss(%/day)

(B)

lignin loss(%/day)

©

a

(2024) 13:48

Gap

abb

Aisa white birch

Understorey

a

b b

Page 7 of 16

Mongolian oak

Gap

a

Understorey

a g
m.

Spectral treatment

I Full spectrum
B No-UV
mm No-UV & BG

a
b
C

B
3}
!; 0.4 1
2,
%
o 024
@]

0.0

D)

0.6 a a
=
2 04 b
2
§/ 0.2
w 0.0_ s ceodiee et o 430
E L | o
Z -0.2

0.4

ACO WSC ACO WSC ACO WSC ACO WSC
Time | i |
h JllplllIIJIIIIIIIEIIIIIIMIIIIIAI- M J J A S O N D
WSC : Lsnow cover 43 II:the growing season f

ACO: 0:canopy opening

Ll
FLULLLLLLLT TR T

I:snow cover

;lllllllllllllIIllIIIlII;

I:the growing season

Fig. 2 Litter mass and nutrient loss under filter treatments during the initial decomposition. A Mass loss, B lignin loss, C C loss, and D N loss

of Betula platyphylla (Asian white birch) and Quercus mongolica (Mongolian oak) under different filter treatments in the forest gap and understorey

during the autumn canopy opening (ACO-0) and winter snow cover (WSC-I), which were highlighted with dotted rectangles. ACO and WSC
represent litterboxes placed at the beginning of autumn canopy opening and at the beginning of winter snow cover, respectively. Different

lowercase letters denote significant differences among different filter treatments (p < 0.05). ACO: Phase 0, forest canopy opening; |, snow cover; I,

the growing season. WSC: Phase |, snow cover; Il, the growing season

photodegradation during the growing season (Fig. 6B, C).
Legacy effects of autumn solar radiation on lignin and C  more, lignin loss in ACO litter during the initial decom-
loss were particularly distinct for Asian white birch litter

of high quality (low lignin/N ratio, Table S1). Further-

position was positively correlated with mass loss during
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the second growing season, irrespective of species, while  radiation were related to lignin photodegradation driven

such a relationship for WSC litter was not detected by blue-green light.

(Fig. 8). This confirms that legacy effects of autumn solar Although N loss varied among treatments consist-
ently with lignin loss (except for WSC litter of Mongolian
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oak) (Fig. 5D), RR values of N loss from ACO litter
were slightly higher than those of WSC litter (Fig. 6D).
This suggests that legacy effects of autumn solar radia-
tion were relatively weak for N loss during the growing
season.

Discussion

Short-term photodegradation by autumn solar radiation
accelerates initial decomposition

Photodegradation by autumn solar radiation was found
to directly accelerate initial mass loss rates up to 16%
and 10% for Asian white birch and 35% and 25% for
Mongolian oak in the gap and understorey, respectively
(Figs. 2A, 4A) (H1). This effect was apparent despite a
relatively short exposure period (60 days) between can-
opy opening and formation of the snowpack. Visible
blue-green light was the main spectral region driving
initial decomposition (Fig. 4A). This result aligns with
previous findings that sunlight is an important contribu-
tor to C turnover through photodegradation even when
solar irradiance under vegetation cover is relatively low
(Pieriste et al. 2020b; Wang et al. 2021), or when a short

exposure period is considered (Lin et al. 2018), or even
within a single day (Gliksman et al. 2017b). This find-
ing implies that photodegradation occurs when litter is
exposed to solar radiation irrespective of duration, time
of year, or ecosystem in question.

Lignin, as a photosensitive component of leaf litter,
was the target of photomineralization by solar radia-
tion (particularly blue-green light, because of its strong
absorbance) in the early decomposition (Fig. 4B), which
is consistent with previous studies (Austin and Bal-
lare 2010). Its partial breakdown through photodegra-
dation is important for later biodegradation by fungal
enzymes at a later stage of decomposition (Keiser et al.
2021). Moreover, the extent of lignin degradation in
response to photodegradation was observed to be more
pronounced in Mongolian oak than Asian white birch
which has a lower initial lignin content (Table S1). This
observation suggests that alterations in leaf-fall phe-
nology among tree species with differing initial char-
acteristics may potentially influence the significance
of photodegradation in decomposition processes and
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Table 2 Linear mixed-effects model (LMM) results of three fixed factors (canopy structure, filter treatments, and deployment time)
and their interactions on mass and nutrient (C, N, and lignin) loss of Betula platyphylla and Quercus mongolica litter during the growing

season
Factor DF Mass loss Lignin loss Closs N loss
e p X p e p X p
Betula platyphylla
Filter treatment (Ft) 3 108.85 <0.001 31.88 <0.001 128.62 <0.001 104.71 <0.001
Canopy structure (Cs) 1 321.75 <0.001 23335 <0.001 27347 <0.001 37047 <0.001
Deployment time (Dt) 1 9243 <0.001 0.01 0.660 60.14 <0.001 2428 <0.001
FtxCs 3 94.84 <0.001 8.68 0.013 100.82 <0.001 14.97 <0.001
Ftx Dt 3 42.94 <0.001 12.33 0.002 34.86 <0.001 19.14 <0.001
CsxDt 1 4.77 0.029 3.64 0.777 242 0.119 78.22 <0.001
CsxDtxFt 3 7644 <0.001 14.50 0.001 11.45 0.043 5.85 0.054
Quercus mongolica
Filter-treatment (Ft) 3 295.53 <0.001 36.33 <0.001 81.35 <0.001 5.83 0.054
Canopy structure (Cs) 1 43391 <0.001 3437 <0.001 27443 <0.001 3831 <0.001
Deployment time (Dt) 1 6.92 0.0085 2384 0.058 0.30 0.586 1047 0.001
FtxCs 3 25832 <0.001 5.67 0.059 57.87 <0.001 25.60 <0.001
Ftx Dt 3 2243 <0.001 0.50 0.779 3.03 0.220 18.15 <0.001
Csx Dt 1 3961 <0.001 2.94 0.122 13.10 <0.001 3.40 0.065
CsxDtxFt 3 490 0.087 1431 <0.001 1.55 046 737 0.025

p-values in bold indicate statistically significant differences (p <0.05)

subsequent carbon cycling within ecosystems in the
context of climate change.

Interestingly, lignin content in WSC group also
changed significantly among filter treatments (Figs. 2B,
4B). It was found that in situ solar radiation can be trans-
mitted through the snow cover to a depth of 20-24 cm
(about 10% of photosynthetically active radiation reaches
a depth of 7 cm in the snowpack) (Robson and Aphalo
2019). Our results might imply that solar radiation pen-
etrating through the snowpack can still accelerate litter
decomposition during the winter when biodegradation
may scarcely progress due to very low temperatures.
Nevertheless, to better understand how spectral irradi-
ance drives the C cycle under snow, further research is
needed.

Pre-exposure to autumn solar radiation has a positive
legacy effect on litter decay in the next growing season

We found that ACO litter lost mass faster than WSC lit-
ter (Fig. 3A), suggesting that initial photodegradation by
autumn solar radiation has a positive legacy effect on
litter decomposition in the next growing season (H2).
Particularly in the forest gap, the legacy effect of full
spectrum sunlight on mass loss could be increase by 83%
and 51% for Asian white birch and Mongolia oak, respec-
tively (Fig. S1). The most likely explanation of this effect
is that photofacilitation of litter pre-exposed to solar
radiation accelerates the degradation of lignin. This may

occur through an increase in the availability of labile car-
bohydrates (saccharification) and microbial enzymatic
activity of the litter (Méndez et al. 2022). Similar to tropi-
cal and subtropical regions, over-winter standing dead
litter decays faster in the following year than litter that
falls to the ground in the autumn (Jiang et al. 2023). In
Mediterranean ecosystems, solar radiation doubles litter
C loss through direct photochemical mineralization in
the dry summer and its positive legacy accelerates biotic
degradation in the winter (Berenstecher et al. 2020).
This pattern of photopriming followed by photofacilita-
tion suggests that changes in vegetation cover or phenol-
ogy due to climate change and/or land use will generally
alter C loss from above-ground litter through sunlight
exposure.

Precipitation (or moisture) may be a significant abi-
otic factor determining the legacy effects of photodeg-
radation on litter decomposition. The fragmentation of
recalcitrant compounds not only increased microbial
degradation in cool and moist understorey, but also
promotes leaching during the growing season. This
can be particularly important in temperate continental
monsoon climates, such as our study site where pre-
cipitation is relatively frequent during the summer. Day
et al. (2022) found that exposure to sunlight nearly dou-
bled litter mass loss, and accelerated decay by 2.6 times
if precipitation was supplemented (Day et al. 2022). A
recent meta-analysis indicates that photodegradation



Li et al. Ecological Processes (2024) 13:48 Page 11 of 16

(A) Aisa white birch Mongolian oak
- Gap Understorey Gap Understorey

"

5]
o
RS
s

w

[72]
<

w

w

]

|

(B) - 0.6 Spectral treatment

& I Full spectrum
= . No-UV

Q 0.4_ m No-UV & BG
<

w2

w

2

£

=

=

©)

C loss(%/day)

(D)

0.6
¥ o
Z 0.4 4
3 a a ks
2\/0.2“.bc 'I aab cba
w2
Z 02
0.4
ACO WSC ACO WSC ACO WSC ACO WSC
Time I I |
(0] N D J F M D

WSC ‘ L:snow cover
ACQ "O:canopy opening  I:snow cover

Fig. 5 Litter mass and nutrient loss under filter treatments during the following growing season. A Mass loss, B lignin loss, C C loss, and D

N loss of Betula platyphylla (Asian white birch) and Quercus mongolica (Mongolian oak) under different filter treatments in the understory

and gap at the ACO-Il and WSC-II phase, which were highlighted with dotted rectangles. ACO and WSC represent that litterboxes were placed

at the beginning of autumn canopy opening and at the beginning of winter snow cover, respectively. Different lowercase letters denote significant
differences among different filter treatments (p < 0.05). ACO: Phase 0, forest canopy opening; |, snow cover; Il, the growing season. WSC: Phase |,

snow cover; Il, the growing season



Li et al. Ecological Processes

A)

(B)

©

(D)

Response ratio
(mass loss)

Response ratio Response ratio

Response ratio

(C loss) (lignin loss)

(N loss)

(2024) 13:48 Page 12 of 16
Aisa white birch Mongolian oak
Gap Understorey Gap Understorey
29 4 !
T d
‘. § a
14 L a ® 3 a a
d § ®
b2 ‘ b b
[ PO P HRRRTTITELLLLEERRRRTRTE: §!§ ............ ‘i ......... @ .. Porrnnncps o - ® ... o9 0
-1
27 Spectral region
® Full spectrum
a a e UV
14 % a a a ab e Blue & Green
bE L . eby
0 @ s ... o & B i-i ........ §§ ........... §.!. ........ P
-1
61 % g
il
a 4 a g a g
24 o B .
b B e b® sbe
0 P SPURUUURURURIRE  JUUUUY: S 89 o2& . ... @ oieanannnns 0. .%oy .. 520
-2
6 -
47 a l a
2 4 D a
g o b ¢ E } .
O o ®............9. Terreeieeg@emmeeeess ..9..0..0 0.0.0..i.0- 8 ..
24
-4
ACO WSC ACO WSC ACO WSC ACO WSC
Time | l !
D J F \/l AllllIllmlllIIIIIJIIIIIIIIIJIIIIIIIIIAIIIIIIII§IIIIIIIII a V D
WSC ‘ I:snow cover E [T:the growing season §
1
ACOQ “0:canopy opening  T:snow cover 2 '"'"i?Eh'é'g?&'&iﬁ'é';'éé';&'ﬁ""""""""'-

Fig. 6 The response ratio of litter mass and nutrient loss to solar spectral regions during the following growing season. A Mass loss, B lignin loss, C
Closs, and D N loss of Betula platyphylla (Asian white birch) and Quercus mongolica (Mongolian oak) in the forest gap and understory at the ACO-II
and WSC-II phase, which were highlighted with dotted rectangles. ACO and WSC represent that litterboxes were placed at the beginning of autumn
canopy opening and at the beginning of winter snow cover, respectively. Different lowercase letters denote significant differences among different
filter treatments (p < 0.05). ACO: Phase 0, forest canopy opening; |, snow cover; Il, the growing season. WSC: Phase |, snow cover; Il, the growing

season

is similar in arid and humid regions (with precipita- photofacilitation with increasing precipitation through
tion levels below 200 and above 800 mm) (Liu et al. leaching and microbial regulation. Therefore, long-term
2023). This suggests that the photodegradation path- field experiments that cover the main biotic and abiotic
ways of litter would shift from photomineralization to  factors are essential for predicting litter decomposition
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and ecosystem function in response to changing
climate.

Pre-exposure to autumn solar radiation modifies N
dynamic during litter decomposition
N loss was faster in litter exposed for two months to
autumn solar radiation than in litter placed just before
snow cover (Figs. 2D, 4D). This indicates that N was
mineralized with or without effects of photodegradation
driven by blue-green light on the initial decomposition,
and immobilized without sufficient exposure to solar
radiation, as we hypothesized (H3). The results are con-
sistent with previous studies showing that higher solar
irradiance promotes nutrient release during the initial
decomposition (Méndez et al. 2022; Wang et al. 2022b,
2023). The finding is contrary to traditional viewpoints
that N tends to be initially immobilized because of bacte-
rial action during the early stages of decomposition (Pei
et al. 2019), but this perspective does not account for the
effect of solar radiation. Here, N immobilization occurred
in litter which started to decompose under the snowpack
(Fig. 2D), where the ambient temperature and humidity
benefit microbial activity (Gao et al. 2018) but not in lit-
ter that had been subject to pre-treatment over autumn
in solar radiation. Given that pre-exposure to autumn
solar radiation alleviates the bottleneck for N dynamic in
litter decomposition, a change in autumn tree phenology
would be expected to alter N cycling in the understorey.
N was released in both litter groups during the grow-
ing season in later decomposition (Figs. 5D, 6D). How-
ever, the magnitude of N release was greater in the forest
gap than that in the understorey, suggesting that canopy
structure may modulate the effect of solar radiation on
N dynamics during litter decomposition. Similar results
have been detected in various litter types, such as leaves,
twigs, and logs (Wang et al. 2023, 2022b; Wu et al. 2023).
It is generally accepted that climate change will extend
the autumn growing season and delay leaf-fall in temper-
ate forest systems. Interspecific differences in phenologi-
cal responses will largely determine litter decomposition
processes and ecosystem carbon cycling, interacting with
snow cover which may occur later in a warmer climate.
Furthermore, the interplay between stratospheric ozone,
climate factors (i.e. cloud cover), and land use practices
(i.e. deforestation) can alter the exposure of litter to sun-
light (Calinger and Curtis 2023; Li et al. 2021; Barnes
et al. 2022). Future research should aim to provide quan-
tification of how solar radiation affects greenhouse gas
emissions and nutrient cycling in temperate forest eco-
systems in the context of climate change.
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Conclusion

The influence of autumn solar radiation on photodegrad-
ation significantly accelerates the initial mass loss rates of
litter from two deciduous tree species, both in forest gap
and the understorey, prior to the formation of the snow-
pack in a temperate forest in northeast Asia. Lignin was
the primary target of photomineralization, mainly driven
by blue-green light during the initial decomposition.
Importantly, short-term photodegradation by autumn
solar radiation has a legacy effect that accelerates mass
loss through litter decomposition during the next grow-
ing season by 16% and 19% for Asian white birch and
Mongolia oak, respectively, in the forest gap. N dynam-
ics were dominated by N mineralization when litter was
exposed to autumn solar radiation, N in the late fallen
leaves is predominantly immobilization due to snow
cover, but during the following growing season N was
released from both litter groups subject to autumn solar
radiation and those that started to decompose later. This
suggests that changes in deciduous phenology and snow
cover timing will affect C and N cycling in temperate for-
est ecosystems interacting with canopy structure and cli-
mate change, which alter plant organic matter exposure
to solar radiation.
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