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Abstract
& Key message Local climate exerted a stronger effect on leaf litter decomposition of deciduous Quercus acutissima
Carruth. and evergreen Quercus glauca Thunb. than initial leaf litter quality: the decomposition was much faster for
leaves of the two species in warm-temperate forest than in the cool-temperate one.
& Context Litter decomposition mainly depends on initial litter quality (e.g., physical features and nutrient content). However, the
effects of litter quality on decomposition remain inconclusive in different climatic zones due to complex interaction with climatic
factors.
& Aims This study investigated the effect of litter quality and climatic factors on litter decomposition of deciduous Quercus
acutissima Carruth. and evergreen Quercus glauca Thunb. in warm-temperate forests in Jeju Island (Cheongsu; Seonheul) and
cool-temperate forest at Chungnam National University Experimental Forest (CNU).
& Methods Through an inter-site experiment and litterbag technique, variations in remaining mass and decomposition coeffi-
cients (k) were measured from the two Quercus species in Korea.
& Results The initial mass loss was rapid during the wettest months in summer season. Annual k varied significantly by site:
Seonheul (0.77 year−1 ± 0.03) > Cheongsu (0.62 year−1 ± 0.02) > CNU (0.42 year−1 ± 0.01). Leaf litter decompositionwas similar
for the two species in the warm-temperate sites and 36% higher in the deciduous species in the cool-temperate site. Based on the
principal component analysis, overall k values were strongly correlated (rho = 0.55–0.60) with climatic factors, and no significant
correlation was detected in leaf litter quality.
& Conclusion In conclusion, our results highlighted that the climatic condition in the study sites predominantly controlled the
litter decomposition of the deciduous and evergreen oak species, with nevertheless an interspecific difference in the coolest site.
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1 Introduction

In terrestrial ecosystems, plant litter decomposition is one of
the prominent processes linking aboveground and below-
ground carbon and nutrient cycling via litterfall (Zhou et al.
2008; Cornwell et al. 2008; Tomlinson et al. 2013). Through
this process, nutrients are released to the soil and part of the
carbon fixed during photosynthesis is returned to the atmo-
sphere, and the rest is stored in the soil as organic matter
(Moretto et al. 2001). Litter decomposition is influenced by
initial litter traits and climate factors (Ge et al. 2017; Waring
2012). Under similar macroclimate and soil conditions, the
rate of litter decomposition is expected to depend mainly on
initial litter traits due to the presence of inhibitory compounds
in litter and contrasting feeding preferences among different
communities of decomposers (Cassart et al. 2020; Cordova
et al. 2018). The carbon and nutrient chemistry and stoichi-
ometry of the litter and its physical features can have a strong
effect on the abundance and activity of decomposers leading
to different rates of decomposition (Taylor et al. 1989).
Increased leaf decomposition rates in the early stages of decay
have generally been linked to high initial leaf N and P con-
centrations (McClaugherty et al. 1985), but Ribeiro et al.
(2002) observed a contrasting pattern in several plant species.
A high predictive power of specific leaf area (SLA) to litter
decomposition has also been illustrated in an evergreen broad-
leaf (Huang et al. 2007), semi-evergreen (Sanchez-Silva et al.
2018), and tropical rain forests (Esquivel et al. 2020).
However, several studies did not confirm those results as the
effect of litter quality on decomposition may become incon-
sistent among different climatic zones due to complex inter-
actions with climatic factors (Zhang and Wang 2015; Zhou
et al. 2018). Both temperature and precipitation can directly
affect litter decomposition by regulating the activity of decom-
posers and indirectly by their effects on leaf litter quality
(Zhou et al. 2018; Alvarez-Clare and Mack 2011). In many
studies, temperature was a strong predictor of leaf litter de-
composition in evergreen and deciduous forests (Ge et al.
2017; Portillo-Estrada et al. 2016). For example, leaf litter
decomposition rates were a positive linear function of mean
annual temperature, such that the remaining time of leaf litter
declined by ~31 days for every 1°C increase in temperature
(Bothwell et al. 2014).

At global scale, an increasing number of inter-site decom-
position experiments have been carried out to effectively in-
vestigate the influence of litter quality and macroclimate fac-
tors on litter decomposition (Bonan et al. 2013; Prescott 2010;
Makkonen et al. 2012). Such a decomposition experiment
involves exchanging of litters from different tree species and
sites, allowing effective comparisons of the initial litter quality
traits and climate variables (Harmon et al. 2009; Gholz et al.
2000). Most of the inter-site experiments have shown that
litter decomposition was more responsive to environmental

conditions (especially climate), explaining more than 50% of
the variation in decomposition (Zhou et al. 2008; Cusack et al.
2009). However, other variables such as plant species-
decomposer interactions via specific plant-soil interactions
may also come into picture during the decomposition process,
in which litter quality may play a significant role. Based on the
“home-field advantage (HFA)” theory, litter decomposes
more rapidly when incubated in the environment from which
it is derived than in its outside environment, which can be
explained by the specialization of decomposer communities
to their particular substrate type (Gholz et al. 2000; Freschet
et al. 2012). Moreover, litter decomposition rate generally
decreases with the species diversity and abundance of decom-
poser communities (Liu et al. 2019).

In this study, we aimed at investigating the effect of litter
quality and climatic conditions on litter decomposition of
Quercus acutissima Carruth. and evergreen Quercus glauca
Thunb. in a cool-temperate forest at CNU and a warm-
temperate forest in Jeju Island in Korea through an inter-site
experiment (reciprocal transplant experiment). The study sites
differed in mean annual temperature (i.e., 15.5 °C, 14.8 °C,
and 13.6 °C in Cheongsu, Seonheul, and CNU, respectively),
annual precipitation (i.e., 1569 mm, 1883 mm, and 1299 mm
in Cheongsu, Seonheul, and CNU, respectively), and domi-
nant species, which areQ. acutissima (deciduous broadleaf) in
the cool-temperate site and Q. glauca (evergreen broadleaf) at
the warm-temperate sites. Evergreen leaves have a longer life
span compared to deciduous ones, and this implies also dif-
ferences in the physical structure and chemical composition of
their leaves that can lead to contrasting temporal trend of de-
composition (Cornwell et al. 2008). Leaf litter of deciduous
species usually decomposes faster than evergreen leaves due
to their more diverse leaf structures and chemical characteris-
tics. However, results of previous studies are inconsistent
across and within forest types due to the interacting controls
of biotic and abiotic factors (e.g., Gessner et al. 2010; Petraglia
et al. 2019). Consequently, two hypotheses were tested in this
study: (1) the rate of litter decomposition is higher in sites with
higher mean annual temperature (MAT) and mean annual
precipitation (MAP), and (2) it is higher in deciduous species
due to its leaf traits, which are more favorable to a faster rate of
decay compared with the evergreen one.

2 Material and methods

2.1 Research site descriptions

Two sites on Jeju Island [i.e., Cheongsu (CS) and Seonheul
(SH) Gotjawal located at the southwest and northeast part of
the island, respectively] and one site in Daejeon [i.e.,
Chungnam National University Experimental Forest (CNU)]
were established in August 2015 (Fig. 1). These sites differ in
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species composition and dominance, stand structure, and cli-
mate (Table 1, Park et al. 2020). CS and SH sites are both
warm-temperate broadleaf evergreen forests dominated by ev-
ergreen species (i.e., Q. glauca). In the former, Q. glauca
displays a mean basal area (BA) of 30.3 m2 ha−1 and a mean
height of 9.5 m, growing in association with the sub-canopy
species (i.e., 11% of the total BA). At SH, the dominant spe-
cies, Q. glauca, displays a mean basal area (BA) of 44.4 m2

ha−1 and a mean height of 13.0 m, growing in association with
the canopy and sub-canopy tree species (i.e., 12% of the total
BA). In contrast, CNU is a cool-temperate broadleaf decidu-
ous forest dominated by deciduous Quercus acutissima with

18.5 m2 ha−1 mean BA and 13.8 m mean height in association
with the other woody vegetation in the sub-canopy which
accounted for 44% of the total BA.

The highest mean annual temperature (MAT) was ob-
served at CS (15.5 °C) and intermediate at SH (14.8 °C),
and the lowest was observed at CNU (13.6 °C). Winter is
about 5 °C colder at CNU than Jeju Gotjawal sites, but all
sites have similar summer temperature (i.e., 25–26 °C in
June–August) (Fig. 2). Mean annual precipitation (MAP) also
differed among the sites, i.e., SH (1883 mm) > CS (1569 mm)
> CNU (1299 mm) (Fig. 2). In all stands, the amount of rain-
fall during 2015–2017 was the highest during mid-summer

Table 1 Summary description of the research sites in warm-temperate region in Jeju Island (CS and SH) and cool-temperate region in Daejeon (CNU)
in Korea

CS SH CNU

Location 33°18'14.79”N, 126°16'16.67”E 33°30′38.82″ N, 126°43′13.25″ E 36°22′16.0″ N, 127°21′08.0″ E

Elevation (m.a.s.l.) 120 110 105

Slope SW NE E

MAT (°C) 15.5 14.8 13.6

MAP (mm) 1569 1883 1299

Forest type Evergreen broadleaved Evergreen broadleaved Deciduous broadleaved

Dominant sp. Quercus glauca Quercus glauca Quercus acutissima

Other species Actinodaphne lancifolia, Ficus erecta,
Cinnamomum camphora, Cinnamomum
yabunikkei, Celtis sinensis, Acer
palmatum, Picrasma quassioides

Quercus salicina, Prunus pendula,
Styrax japonicus

Cornus officinalis, Magnolia
kobus, Robinia pseudoacacia,
Magnolia ovata

CS, SH, CNU, MAT, and MAP denote Cheongsu Gotjawal, Seonheul Gotjawal, Chungnam National University Experimental Forest, mean annual
temperature, and mean annual precipitation, respectively

Fig. 1 The location of the
research sites and plots in this
study
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season (July) to mid-fall (September), while the lowest con-
centration occurred during winter (December–February).

Across the three sites, soils are generally acidic (pH values
ranging from 4.0 to 4.5) but had contrasting soil textures, i.e.,
clay, loam, and sandy loam for CS, SH, and CNU, respective-
ly (Table 2). The organic matter (OM), total nitrogen (TN),
cation exchange capacity (CEC), and exchangeable cations

(i.e., K+, Ca2+, Mg2+, and Na+) at Jeju Gotjawal are higher
than CNU by at least 90%. Also, there is no much difference
in available phosphorus between SH and CNU, but almost
four-fold higher in CS.

2.2 Experimental design

An inter-site leaf litter decomposition experiment was carried
out from August 2015 to November 2017 (2 years and 3
months). Freshly fallen leaves from two plant species were
used: Q. acutissima, a deciduous species from CNU, and
Q. glauca, an evergreen species from the two sites in Jeju
Gotjawal. These tree species were chosen based on leaf func-
tional traits and high dominance in the study sites. In this
study, we used the leaf for the decomposition experiment be-
cause this plant organ can represent 50–80% of the total
aboveground litter production in terms of biomass
(Martinez-Yrizar 1995) and has relatively higher nutrient con-
centrations compared to the other plant organs (Alvarez et al.
1992).

Litterbags (256 cm2) were made from nylon (thermoplastic
material) with 1 mm mesh size, and each litterbag received a
total mass of 6 g of air-dried leaf litter samples of each species.
They were then sealed and tagged for further collection. In
August 2015, we established four study plots (100–144 m2)
in each research site, and the distance between two plots was
approximately 20 m. In each plot, we used four 3-m parallel
lines with nine points each for litterbag placement. Without
altering or removing any vegetation or litter layer on the forest
floor, a total of 432 bags were placed on the top of the ground
in CS, SH, and CNU for the succeeding nine collections at 3
months intervals (3 sites × 4 plots × 2 species × 2 bags spe-
cies−1 × 9 collection times = 432 bags). As an inter-site exper-
iment, litter from the two species was used in the three sites,
following the site × species level design. The plot within each
site was considered as the observational unit.
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Fig. 2 A 3-year climate pattern at
the three contrasting research sites
in Jeju Island [Cheongsu (CS) and
Seonheul (SH)] and in Daejeon
[Chungnam National University
(CNU) Experimental Forest].
Data were provided by the mete-
orological center near CS, SH,
and CNU, i.e., Seogwang Station,
Seonheul Station, and Daejeon
Station, respectively as cited in
Park et al. (2020)

Table 2 Soil properties of the three study sites in Jeju Gotjawal (CS and
SH) and Daejeon (CNU) in Korea

CS SH CNU

Soil texture (%) Clay Loam Sandy loam

Sand 11 32 78

Silt 38 46 13

Clay 51 22 9

pH 4.0 4.5 4.4

EC (dS m−1) 2.62 1.69 0.34

OM (%) 46.00 31.00 4.16

TOC (%) 26.57 18.04 -

TN (%) 2.31 1.33 0.07

NH4
+ (mg kg−1) 70.60 80.68 3.54

NO3
- (mg kg−1) 573.17 66.02 3.94

CEC (cmol+ kg−1) 75.19 56.80 7.88

Exchangeable cations (cmol+ kg−1)

K+ 1.28 0.52 0.08

Ca2+ 42.85 2.84 0.32

Mg2+ 14.36 2.81 0.63

Na+ 0.24 0.38 0.05

Available P (mg kg−1) 88.88 26.70 23.07

CS Cheongsu Gotjawal in Jeju Island, SH Seonheul Gotjawal in Jeju
Island, CNU Chungnam National University Experimental Forest in
Daejeon, EC electrical conductivity, OM organic matter, TOC total or-
ganic carbon, TN total nitrogen, CEC cation exchange capacity. Soil
properties of CS and SH and CNU were excerpted from Kim et al.
(2018) and Park et al. (2020), respectively
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From each plot, we started collecting litterbags at the end of
November 2015. The collected litterbags were carefully
packed to avoid the loss of fine particles, stored in an icebox,
and transported to the laboratory. The soil particles, fine roots,
and other extraneous materials attached to the bags were care-
fully removed using a brush. Then, litterbags were dried at
room temperature for several days and oven-dried down to a
constant mass at 80 °C.

2.3 Measurement of leaf litter traits

In each site, a total of five fully mature leaves from four trees
of the two species were used to determine SLA (specific leaf
area, cm2 g−1); the leaf area was measured using LI-3000 (LI-
COR Inc., Lincoln, NE, USA), and the weight was determined
from the oven-dried samples at 65 °C. Composite subsamples
of leaves from each oak species were air-dried and ground to
determine leaf chemical traits following a standard protocol in
tissue nutrient analysis. Total nitrogen, phosphorus (P), potas-
sium (K), calcium (Ca), and magnesium (Mg) were deter-
mined before the inter-site decomposition experiment.
Determination of N was done using the micro-Kjeldahl diges-
tion method. Atomic absorption spectrophotometry
(AA280FS, Varian, USA) and ascorbic acid method were
used to determine the total Ca, Mg, and K and P, respectively
(Park et al. 2020).

2.4 Data and statistical analysis

Mean mass loss rate across plots at each site and collection
time was calculated (Park et al. 2021), and the percentage of
dry mass remaining (RM) of each species at time t was com-
puted following Eq. (1) (Bragazza and Iacumin 2009). The
dry mass remaining of the two species collected from all sites
(site × species) were fitted to a single negative exponential
model, i.e., Eq. (2) (Olson 1963) using ordinary least square
(OLS) regression to compute decomposition constant.
Negative exponential decomposition models are commonly
used in many studies to describe the decomposition of litter
bags (Patricio et al. 2012; Rahman and Tsukamoto 2013).

Eq. (1) RM (%) = 100 – [X0 −Xi/X0] x 100
Eq. (2) y =X0e−kt

where X0 is the initial dry weight of the leaf litter, Xi is the
weight of the residual leaf litter after time t (year), k is the
decomposition constant, y is the litter mass remaining, and t
is the time interval of sampling expressed in years.

All statistical analyses were performed using SAS 9.5 at
p<0.05 significance level. One-way ANOVA was run to de-
termine the significant difference in litter quality traits be-
tween species. Two-way ANOVA followed by Tukey’s post
hoc test was employed to examine any statistical differences
in k values across different sites and species and their interac-
tion. To assess the relationships of decomposition rates among

litter traits and climate variables, a principal component anal-
ysis (PCA) was done with seven litter traits (SLA, C, N, P, K,
Ca, Mg, and C:N), two site factors (MAP and MAT), and k-
values under different sites and species.

3 Results

3.1 Litter quality traits

Litter traits differed significantly between the two Quercus
species, except N, K, and Ca concentrations (Table 3). SLA
was significantly higher in Q. acutissima than Q. glauca by
39%. For initial leaf litter nutrients, Q. acutissima had signif-
icantly higher C and C/N ratio than Q. glauca, whereas P and
Mg concentrations were significantly higher in Q. glauca
(Table 3).

3.2 Decomposition rate by site and species

Leaf litter mass loss followed a similar pattern through time
(Fig. 3). Initial mass loss from mid-August to mid-November
in 2015 was large (20–22% at CS, 30–32% at SH, and 15–
18% at CNU) for both species. The initial decomposition rate
of Q. acutissima in 2015 was similar between CS and CNU,
whereas that between CS and SH differed considerably. Leaf
litter mass loss increased faster during summer (mid-May to
mid-August 2016) than other seasons, but we could not find
the same pattern in 2017. Similarly, rapid mass loss was also
observed at the wettest months from July to August 2016.

The annual decomposition constant differed significantly
among the sites and species (Table 4 and Table 5 in
Appendix). The k (average of the two species) at SH evergreen
forest was the highest (0.77 year−1) across the sites, followed
by another evergreen forest at CS (0.62 year−1), and the lowest

Table 3 Initial leaf litter quality traits of Quercus acutissima and
Q. glauca used in litter decomposition experiment

Q. acutissima Q. glauca

SLA (cm2 g−1) 74.30 (2.69) a 53.85 (4.69) b

C (%) 49.18 (0.10) a 47.85 (0.31) b

N (g kg−1) 7.13 (0.09) b 12.45 (0.59) a

P (g kg−1) 0.12 (0.01) b 0.43 (0.03) a

K (g kg−1) 1.91 (0.16) a 2.29 (0.11) a

Ca (g kg−1) 10.08 (0.37) a 11.47 (0.62) a

Mg (g kg−1) 0.92 (0.05) b 2.13 (0.08) a

C/N ratio 69.05 (0.85) a 39.05 (1.90) b

SLA (specific leaf area) was measured using fresh foliage

Different lowercase letters indicate significant differences between the
two oak species (ANOVA, followed by Tukey’s HSD test; p<0.05)
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(0.42 year−1) was observed at CNU deciduous forest. At the
species level, there was no significant difference in k-values
between Q. acutissima and Q. glauca placed at CS and SH,
but varied significantly at CNU (p = 0.015) in which
Q. acutissima had higher k than Q. glauca by 36% (Table 4
and Table 5 in Appendix). The half-life (t0.5) periods of
decomposing leaf litter samples were found to be the shortest
for Q. acutissima at SH and longest for Q. glauca at CNU
(Table 4).

The potential influence of initial leaf litter traits of the two
Quercus species and climatic factors on the decomposition
rates across the three sites is illustrated through a PCA (Fig.
4). The first two axes (component 1 and component 2)
accounted for 97.5% of the total variation; in particular, about
73.1% was explained by the first component. On component
1, high positive loadings were observed for initial leaf N, P, K,

Ca, and Mg concentrations, whereas high negative loadings
were observed for SLA, C/N ratio, and C concentration
(Table 6 in Appendix). MAT (mean annual temperature),
MAP (mean annual precipitation), and k displayed high pos-
itive loadings on component 2. Overall, initial litter traits var-
ied by species as shown by the clear separation of
Q. acutissima and Q. glauca in the PCA. Initial P, K, and
Mg concentrations showed moderate negative correlation
(rho = 0. 35) with initial C, C/N ratio, and SLA (Fig. 4,
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Fig. 3 Remaining mass (in
percentage of the initial mass) of
(a) Quercus acutissima and (b)
Q. glauca leaf litter in Cheongsu
(CS) and Seonheul (SH) Gotjawal
in Jeju Island and Chungnam
National University (CNU)
Experimental Forest in Daejeon
in Korea from August 2015 to
November 2017. Vertical bars
represent standard errors (n=4)

Table 4 Inter-site decomposition constant (k, year−1) and half-time
(t0.5) value of Quercus acutissima and Q. glauca at Cheongsu (CS),
Seonheul (SH), and Chungnam National University (CNU)
Experimental Forest

Q. acutissima Q. glauca

k (yr−1) r2 t0.5 k (yr−1) r2 t0.5

CS 0.59 (0.01) b 0.80 1.2 0.64 (0.01) b 0.80 1.1

SH 0.79 (0.12) a 0.44 0.9 0.72 (0.07) a 0.65 1.0

CNU 0.49 (0.02) c 0.82 1.4 0.34 (0.01) c 0.77 2.0

Decomposition constant (k) was calculated from a single exponential
model by nonlinear OLS (ordinary least square) regression. Different
lowercase letters indicate significant differences of k by sites for each
species (ANOVA, followed by Tukey’s multiple comparison; p<0.05).
Standard errors are in parentheses. r2 coefficient of determination. Half-
life value, 0.693/k (i.e., the time for the leaf litter residue to lose half their
initial mass) (Olson 1963)
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Fig. 4 Principle component analysis (PCA) based on the correlation ma-
trix of initial leaf litter traits (SLA, specific leaf area; carbon and macro
nutrient concentrations), decomposition constant (k, year−1), and climate
conditions (MAT, mean annual temperature; MAP, mean annual precip-
itation) in Cheongsu (CS) and Seonheul (SH) Gotjawal in Jeju Island and
Chungnam National University (CNU) Experimental Forest in Daejeon
in Korea
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Table 7 in Appendix). The PCA also revealed that the overall
k values were strongly correlated (rho = 0.55–0.60) with cli-
matic factors (MAT and MAP).

4 Discussion

4.1 Variation in litter decomposition rate across sites

In this study, the k of both deciduous and evergreen Quercus
species was found the highest at SH, intermediate at CS, and
the lowest at CNU. The results can be ascribed to the effect of
climate variables, which showed a strong correlation with k
values based on the PCA result (Fig. 4). Specifically, although
SH had lower temperature than CS, the precipitation is
several-fold higher in the former site by 264 mm year−1 than
in the latter site, suggesting that precipitation may have pre-
dominantly controlled the decomposition of the two species at
SH and CS. This result is consistent with a large number of
studies, which revealed that precipitation is among the most
important determinant of litter decomposition rate. For exam-
ple, several studies have concluded that litter decomposition
rate would increase with the amount of precipitation in tem-
perate forests (e.g., Cassart et al. 2020; Salah and Scholes
2011; Santonja et al. 2017). In a warm-temperate forest on
Jeju Island in Southern Korea, the annual decay rate of ever-
green broadleaf trees was also positively influenced by pre-
cipitation (MAP: 1533 mm) (Lee et al. 2015). A rainfall ma-
nipulation study revealed also that the mass losses of decidu-
ous Q. acutissima and O. serrata and evergreen Pinus
densiflora in fully covered treatment (i.e., less precipitation)
were reduced by up to 26% compared with fully exposed litter
(Salamanca et al. 2003).

In our experiment, we also found that the initial decompo-
sition rate between CS and CNU for Q. acutissima during the
first 3 months in 2015 was similar, whereas that between CS
and SH differed considerably. Prior to the placement of litter-
bags on the ground, the precipitation at SH in July 2015 was
significantly the highest compared with those of CS and CNU
(Fig. 2). Further, although the monthly precipitation declined
in all sites fromAugust to December 2015, the highest month-
ly precipitation was maintained at SH from August to
September, while those of CS and CNU significantly declined
below 200 mm. Thus, it could be asserted that the precondi-
tion of the climate, particularly precipitation, prior to the con-
duct of the experiment may have also influenced the litter
mass loss of Q. acutissima at CS and SH. The conditions of
the forest floor at SH may have become more favorable for a
faster decay rate of the species by having wetter soil when the
litterbags were placed on the ground, exhibiting a soil
moisture–driven phase of decomposition. Soil moisture avail-
ability, particularly at warmer regions, would affect the abun-
dance and activity of soil microbes and soil fauna, thus

exerting a significant influence on litter decomposition rate
(Petraglia et al. 2019; Peterjohn et al. 1994). It was also re-
ported that increasing the soil moisture favored mass loss,
particularly in high-quality litter or those types rich in organic
and inorganic compounds (Liu et al. 2005; Cotrufo et al.
2015).

4.2 Variation in litter decomposition across species

Here, we found no significant difference in leaf litter decom-
position between Q. acutissima and Q. glauca for leaves
placed in warm-temperate sites despite their contrasting leaf
litter qualities, but it varied for leaves placed at the cool-
temperate site (i.e., Q. acutissima decomposed faster than
Q. glauca). We could further imply that the climatic factors
predominantly controlled the mass loss of the two species
regardless of litter quality (i.e., deciduous vs. evergreen) as
revealed by the weak correlation of k values with the initial
leaf litter traits. Here, both species showed a rapid and huge
early mass loss regardless of the contrasting litter qualities and
their origin, and the order of the amount of loss corresponded
to the order of the amount of precipitation and temperature in
each site, that is, SH >CS. Further, the pattern of the change in
precipitation (i.e., high to low amount) from the first year to
last year of the experiment, particularly in the summer season,
tended to be similar in CS and SH sites. This sudden decrease
in summer precipitation may have slowed down the decom-
position process in both SH and CS, thus resulting in a similar
decomposition rate. Contrarily, the significantly higher decay
rate ofQ. acutissima thanQ. glauca at the cool-temperate site
could be ascribed to a sudden large increase in summer pre-
cipitation in July 2016 and 2017, possibly through activation
of the activity of decomposers and thermal balance change in
the soil. Studies have already shown that seasonal increased or
changed in climate have a significant effect on litter decom-
position in both temperate and tropical forests (Anaya et al.
2012; Chadwick et al. 2016). For example, it was found that
suddenly increased precipitation accelerated the decomposi-
tion of high-quality litter (Liu et al. 2006). We, therefore,
suggest that the increased precipitation (i.e., from < 200 mm
in July 2015 to as high as 380–440 mm in July 2016–2017) at
CNU site may have increased the sensitivity of Q. acutissima
to increased precipitation due to its higher initial litter quality,
particularly SLA, C content, and C/N ratio. This is because, in
contrast to low-quality litter, the high-quality ones contain
large amounts of water-soluble materials which are prone to
the leaching effect of precipitation and can therefore increase
litter mass loss with precipitation (Lee et al. 2015; Bakker
et al. 2011; Cornwell et al. 2008). Further, broadleaved ever-
greens generally have a longer life span and, thus, have thicker
leaves, a greater number of cells, and higher tensile strength
than deciduous ones (Cornelissen et al. 1999; Navas et al.
2003). These traits may have resulted in higher resistance to
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leaching effect of rainfall and attack of decomposers for the
evergreen Q. glauca, thereby resulting in slower decomposi-
tion comparedwith the deciduousQ. acutissima.Althoughwe
showed that the litter traits had a weak correlation with k
values, our result agrees with the findings reported in several
studies, such that deciduous leaf litter decomposed faster than
evergreen one (Rahman and Tsukamoto 2013; Salamanca
et al. 2003; Sun and Zhao 2016; You et al. 2000).

Overall, our findings are consistent with a large number of
studies which emphasized that climate consistently showed
stronger effects on decomposition rates compared with litter
quality traits across species and climatic zones (e.g., Alvarez-
Clare and Mack 2011; Chen et al. 2013; Lu and Liu 2012;
Zhang and Wang 2015; Zhang et al. 2008). In an oak forest
plantation, for instance, it was reported that litter decomposi-
tion was much higher during the rainy season than the other
seasons due to the physical effects of high rainfall such as
leaching (Perez-Suarez et al. 2012). The usual explanation
for this pattern of litter decomposition is the effect of warmer
temperature and higher precipitation on microbial activity or
abundance and stimulation of activities of soil macro-
detritivores (Cruz-Martinez et al. 2012; Jasinska et al. 2019;
van Geffen et al. 2011), while others attributed it to the syn-
ergistic actions of microbes and microarthropods (Riutta et al.
2012; Salamanca et al. 2003). The leaching effect of rainfall
can also increase the palatability of litter by washing out tan-
nins and lignin, which tended to increase the diversity of de-
composers, thereby increasing litter mass loss (Dilly et al.
2001).

5 Conclusion

Our study revealed that, across sites, leaf litter decomposition
of both deciduous and evergreen Quercus species was the
fastest at SH with the highest annual and summer precipita-
tion, intermediate at CS, and the lowest at CNU with the
lowest annual and summer precipitation. Leaf litter decompo-
sition between species tended to vary significantly at the site
with an evident abrupt increase in summer precipitation
throughout the experimental period. Therefore, leaf litter de-
composition of both oak species was predominantly con-
trolled by climatic variables, particularly precipitation, and
not by the initial litter quality. Our findings should improve
our understanding of how precipitation controls leaf litter de-
composition of deciduous and evergreen species in warm- and
cool-temperate forest stands. While still incomplete, our study
is relevant to understanding the effects of increased precipita-
tion changes caused by global warming to litter decomposi-
tion and nutrient cycling in oak-dominated forests in warm-
and cool-temperate zones.

Appendix

Table 6 Eigenvalues of the correlation matrix from a principal
component analysis of the measured initial leaf litter traits,
decomposition constants, and site specific mean annual temperature and
precipitation

Eigenvalues of the correlation matrix

Eigenvalue Difference Proportion Cumulative

1 8.046 5.366 0.731 0.731

2 2.680 2.436 0.244 0.975

3 0.243 0.212 0.022 0.997

4 0.031 0.031 0.003 1.000

Table 5 Results of ANOVA on the annual decomposition constant
across species and sites

df F p-value

Two-way ANOVA results Species 1 3.99 0.05

Site 2 39.34 < 0.0001

Species*Site 2 2.90 0.07

One-way ANOVA results Species

(Tukey adjustment lsmeans) Q. acutissima 2 17.56 < 0.0001

Q. glauca 2 24.67 < 0.0001

Site

CS 1 0.55 0.4619

SH 1 2.74 0.1051

CNU 1 6.49 0.0146

p<0.05

Table 7 First four eigenvectors from a principal component analysis of
the measured initial leaf litter traits, decomposition constants, and site
specific mean annual temperature and precipitation

Eigenvectors

Prin1 Prin2 Prin3 Prin4

k (yr−1) −0.082 0.570 −0.504 0.643

SLA −0.352 −0.021 0.013 −0.016
CN ratio −0.352 −0.021 0.013 −0.016
C −0.352 −0.021 0.013 −0.016
N 0.352 0.021 −0.013 0.016

P 0.352 0.021 −0.013 0.016

K 0.352 0.021 −0.013 0.016

Ca 0.352 0.021 −0.013 0.016

Mg 0.352 0.021 −0.013 0.016

MAT −0.010 0.559 0.817 0.143

MAP −0.012 0.599 −0.278 −0.751
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