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Abstract: Dissolved organic carbon (DOC) is one of the most important components in the global
carbon cycle, which is largely influenced by climate and plant traits. Although previous studies have
examined the impacts of climatic factors (e.g., mean annual temperature (MAT) and precipitation
(MAP)) or plant traits (e.g., leaf area index, leaf nitrogen) on DOC, the relative importance of climate
and plant traits on DOC flux remains unclear on a global scale. In this study, we compiled 153 pairs
of DOC observational data from 84 forest sites to explore the relative importance of climate and plant
traits on DOC flux with a linear mixed model, variance partitioning, and random forest approaches.
Our results showed that DOC fluxes from throughfall and the litter layer were higher in broadleaved
forests than those in coniferous forests. Throughfall-DOC flux increased significantly with MAT and
MAP in coniferous forests, but that from the litter layer showed no significant correlations with climate
factors. In broadleaved forests, throughfall-DOC flux increased with potential evapotranspiration
(PET), while that from the litter layer was positively correlated with MAT. Meanwhile, throughfall-
DOC flux had negative relationships with specific leaf area (SLA), leaf nitrogen content (LN), and
leaf phosphorus content (LP) in broadleaved forests, but it showed a positive correlation with SLA
in coniferous forests. Litter-layer-DOC flux increased with LN in broadleaved forests, but this
correlation was the opposite in coniferous forests. Using the variance partitioning approach, plant
traits contributed to 29.0% and 76.4% of the variation of DOC from throughfall and litter layer,
respectively, whereas climate only explained 19.1% and 8.3%, respectively. These results indicate that
there is a more important contribution by plant traits than by climate in driving the spatial variability
of global forest DOC flux, which may help enhance forest management as a terrestrial carbon sink in
the future. Our findings suggest the necessity of incorporating plant traits into land surface models
for improving predictions regarding the forest carbon cycle.

Keywords: dissolved organic carbon; throughfall; litter layer; plant traits; carbon; cycling;
forest ecosystems

1. Introduction

Dissolved organic carbon (DOC) represents the mobile phase of soil organic matter
(SOM), which influences myriad biogeochemical processes (e.g., litter and SOC decomposi-
tion, greenhouse gas emissions, and nutrient transfer) and plays a significant role in the
global carbon balance [1–3]. Although the flux of DOC is small compared to other carbon
fluxes (e.g., litter inputs, heterotrophic respiration) in forest ecosystems [4,5], DOC is easily
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and quickly mineralized for plant and microbial uses and is also retained in soils by chelate
compounds [2,4,6]. Meanwhile, DOC is an important substrate for microbial growth and
metabolism, offering an indirect source of CO2 to the atmosphere [7,8]. In the past few
decades, researchers have attempted to incorporate lateral DOC flux from throughfall,
the litter layer, and root exudates into several earth system models [9–11]. However, the
patterns and drivers of DOC flux on a global scale are still unclear, which limits our ability
to accurately predict ecosystem carbon dynamics, especially in future climate scenarios.

During the past decades, numerous studies have investigated DOC flux from through-
fall and litter layer at the local scale, where they flow into groundwater. These results have
considerably enhanced our understanding of how DOC flux is affected by forest type and
climate [12,13]. Previous studies showed that DOC flux from throughfall in coniferous
forests in Birkenes, Norway was twice as high as that in hardwood/ broadleaved forests in
Bavaria, Germany [14,15]. The difference was probably due to the higher leaf area index
(LAI) in coniferous rather than broadleaved forests (16.1 vs. 7.4 g m−2 year−1) [14,15]. In
Harvard Forest, DOC flux from the litter layer was 39.8 g m−2 year−1 in coniferous stands,
which was much higher than that in the broadleaved stands (22.5 g m−2 year−1) because
the DOC of conifer litter contains a more complex carbon structure (e.g., polyphenols
and proteins) than broadleaved litter [16,17]. These inconsistent results limited our ability
to effectively develop regional and global models to accurately simulate forest carbon
dynamics. Therefore, a better understanding of DOC flux among different forest types on a
global scale could considerably improve the estimates of carbon budgets and the prediction
of future carbon-climate feedback in terrestrial ecosystems.

It has been demonstrated that climate is a primary factor in regulating DOC fluxes [18–20].
Generally, high temperatures would promote microbial activity to utilize DOC and enhance
litter mineralization, which would reduce the DOC flux exporting from plants to the soil
by leaching [21,22]. Meanwhile, changes in precipitation and evapotranspiration (ET)
strongly influence DOC leaching rates [1,21,23]. For instance, rapid water infiltration
from strong precipitation could decrease the soil sorption and microbial decomposition,
resulting in a large volume of DOC fluxes being transported in a montane forest [2,24].
However, previous studies have found positive, negative, or no relationships between
DOC fluxes and precipitation in diverse experiments [15,25,26]. Although a few studies on
DOC flux have been conducted on a continental or a global scale [27–31], a mechanistic
understanding of how climate factors drive the spatial variability of DOC flux on a global
scale and between different forests type is still to be reached.

In addition to the effect of climate on DOC flux, previous studies have demonstrated
that plant traits (e.g., LAI, leaf N, specific leaf area (SLA)) also play a key role in regu-
lating DOC fluxes, due to the alteration in resource partitioning and the modification of
micro-environments. According to the leaf economic spectrum theory, plant traits from
conservative species often have low SLA and nutrient content (e.g., leaf N), which are
associated with a slow litter decomposition rate, resulting in lower levels of DOC flux
into the soil [32–34]. In contrast, high forest productivity was responsible for large-scale
DOC release in northern forests [35]. Some studies found that DOC fluxes increased with
an increased LAI, which considerably influenced the interception precipitation and DOC
leaching from the leaves [15]. However, the relative importance of climate and plant traits
on DOC fluxes remains unclear at either the local or the global scale, to date [12,36].

In this study, we compiled data regarding DOC flux from global forests to probe
the relative importance of climate and plant traits on DOC fluxes on a global scale. We
hypothesized that: (1) DOC fluxes from both throughfall and the litter layer might be
lower in coniferous than in broadleaved forests, due to high lignin levels and slow litter
decomposition in conifer needles, relative to broadleaves; and (2) plant traits might play a
dominant role in driving DOC fluxes, due to their direct linkage with nutrients (e.g., SLA
and LN) and the microenvironments (e.g., LAI) of decomposers, relative to climate. This
study will demonstrate the general pattern of DOC flux and the key influencing factors in
forests, to improve the estimation of forests’ carbon storage on a global scale.
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2. Materials and Methods
2.1. Data Source

Peer-reviewed journal articles were searched using the Web of Science, Google Scholar,
and the China Knowledge Resource Integrated Database (CNKI) (1900–2021) with the
following search term combinations: (“dissolved organic carbon” OR “DOC” OR “soluble
organic carbon”) AND (“leaf” OR “leaves” OR “foliage” OR “litter” OR “tree” OR “canopy”
OR “plant *”) AND (“throughfall” OR “leaching”). To avoid bias in the publication selection,
the following criteria were used: (i) only those experiments conducted in forest ecosystems
were included and DOC was generally defined as the fraction of organic matter that can
pass through a filter with a size of 0.45 µm. (ii) DOC was measured from throughfall
and/or litter layer in field conditions and was collected by zero tension. (iii) Field studies
had been chosen when the experimental duration was longer than one growing season.
(iv) The means, standard deviations/errors, and sample sizes of the variables could be
extracted directly from context, tables, or digitized graphs. In total, 45 peer-reviewed
papers, published from 1995 to September 2021 and analyzing 84 forest sites, were selected
from more than 1900 papers, yielding 153 pairs of observational data (see Figure 1 and
Table S1 in the Supplementary Materials).
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specific leaf area (SLA, where SLA is the leaf area per unit of leaf dry mass), leaf nitrogen 
content per leaf mass (LN), and leaf phosphorus concentration per leaf mass (LP) [37]. 

Figure 1. The global distribution of the field experiments used in this synthesis. Blue and red
circles represent dissolved organic carbon (DOC) flux sampled from throughfall in broadleaved and
coniferous forests, respectively. Blue and red circles and triangles represent DOC fluxes sampled
from the litter layer in broadleaved and coniferous forests, respectively.

In our dataset, environmental variables were also extracted directly from the papers,
including latitude, longitude, mean annual temperature (MAT), mean annual precipitation
(MAP), and potential evapotranspiration (PET). For the missing environmental variables,
we used site geographical coordinates to extract MAT, MAP, and PET data from the global
climate database (version 2, www.worldclim.com (30 May 2018)) and CEDA (version CRU
TS 4.00, https://catalogue.ceda.ac.uk (30 May 2018)). The corresponding climate data were
reported in the collected papers for 92% of the dataset, and only about 8% of the climate
data were extracted from the WorldClim database. To investigate the relationships between
DOC fluxes and leaf traits, we collected leaf trait data from TRY datasets (www.try-db.org
(30 May 2018)). The relevant variables include specific leaf area (SLA, where SLA is the leaf
area per unit of leaf dry mass), leaf nitrogen content per leaf mass (LN), and leaf phosphorus
concentration per leaf mass (LP) [37]. These traits were selected due to their important roles
in explaining plant ecological strategies and decomposition progress, which are closely
related to DOC flux [32]. TRY dataset provides the most integrated data for leaf traits
over the world, since most of our selected studies did not report leaf traits. Because of the
important roles played by the dominant species in regulating ecosystem function [38–41],

www.worldclim.com
https://catalogue.ceda.ac.uk
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the dominant species-based traits were used to indicate ecosystem-level plant traits (for
details, see Method S1 in the Supplementary Materials). In addition, canopy height was
obtained from the Geoscience Laser Altimeter System [42]; the leaf area index (LAI) was
sourced from NASA’s Earth Observatory Team (MOD15 product); net primary production
(NPP) was obtained from a product of the MODIS sensor [43]. Climatic factors included
MAT, MAP, and PET, while the plant traits included NPP, LAI, canopy height, SLA, LN,
and LP. Among these traits, SLA, LN, and LP represent the leaf economics functions, while
LAI, NPP, and canopy height represent the plant biomass.

2.2. Statistical Analysis

A t-test with a Bonferroni test was used to test the difference in DOC flux between
broadleaved and coniferous forests. The parameters were tested for normality and homo-
geneity of variance, and/or log-transformed to meet the assumptions for an analysis of
variance (ANOVA) when necessary. Given the effect of spatial autocorrelation, we used lin-
ear mixed model analysis and a modified t-test to examine the relationships between climate
(MAT, MAP, and PET) and plant traits (NPP, LAI, canopy height, SLA, LN, and LP), with
DOC flux from throughfall and the litter layer, employing the “nlme” and “SpatialPack”
packages in R software (see Tables S2, S3 and S5 in the Supplementary Materials) [44–46].
Sites within climate zones were regarded as a nested random factor, while the climate and
plant traits were regarded as fixed factors. The coefficient of determination (R2) was used
to assess the contribution of the fixed effects (R2 marginal), and both fixed and random
effects (R2 conditional). The difference in the response of DOC flux to the climate and traits
between broadleaved and coniferous forests was analyzed by comparing the 95% confi-
dence intervals of the coefficient. If the coefficient of broadleaved (or coniferous) forests fell
within the 95% confidence interval of the coefficient of coniferous (or broadleaved) forests,
there was no significant difference between these two forest types [47].

We used general linear mixed models (GLMMs) to explore the independent and
interactive effects of climate and plant traits on DOC flux from throughfall and the litter
layer. The parameters were scaled before analysis (see Table S6). To avoid multicollinearity
and model overfitting, a principal component analysis (PCA) was conducted to select
the representative climate and plant traits, which explained almost more than 84% of the
total variance (see Figure S1 and Table S4 in the Supplementary Materials). Then, we
selected those variables with the highest contributions for each principal component, to
represent the principal component. We tested the significance of the interactive effect
between climate properties and/or plant traits in the pairwise linear mixed model. Non-
significant interactive effects were excluded before performing GLMMs with the “nlme”
R package. The relative contributions of climate and plant traits to the spatial variance
in DOC fluxes were quantified by variance partitioning, based on GLMMs. From each
GLMM, the explained variance (represented by marginal R2 value) was used to calculate
the fraction of variance explained by each set of fixed variables, separately [48]. First, we
compared the marginal r2 values of sub-models that only included the climate model (MAT,
MAP) or plant traits (SLA, LN, NPP, forest type, and the interactive effect between SLA and
forest type in throughfall) to evaluate their relative contribution (fractions a and c represent
the independent effects of climate and plant traits, respectively; fraction b represents the
interactive effects between climate and plant traits (see Figure S2 in the Supplementary
Materials)). Second, we used the difference between the r2 values of the full model (fraction
[a + b + c] represents the total effect of the climate properties and plant traits on DOC fluxes
(see Table S1 in the Supplementary Materials)) and those of the sub-models to examine the
interactive effects of climate and traits on DOC fluxes [48,49]. The same GLMMs were run
to distinguish fractions of the explained variance in the DOC fluxes from the litter layer in
the climate model, but SLA, LN, FT, and the interactive effect of plant traits (SLA and LN)
with forest type were included in the plant traits model. The inhibitory interactive effects
of climate and plant traits on DOC flux were shown as negative values [50]. The variation
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partitioning analysis was conducted with the vegan R package in R software (version 3.5.0,
R Development Core Team, 2018, http://www.r-project.org/ accessed on 23 April 2018).

In addition, the importance of influencing factors (including plant traits, climate, and
forest type) on DOC flux was expressed as IncNode Purity, derived from random forest
modeling using the “randomForests” package in R. The model’s IncNode purity will be
positively associated with variable importance [51]. In total, nine variables were used in the
random forest model, including climate (MAT, MAP, and PET) and plant traits (LAI, NPP,
canopy height, SLA, LN, LP, and forest type). All statistical analyses were performed in
R(version 3.5.0, R Core Team, 2018, http://www.r-project.org/ accessed on 23 April 2018)
and SPSS (version 21, SPSS Inc., Chicago, IL, USA).

3. Results
3.1. The Variation in DOC Fluxes in Coniferous and Broadleaved Forests

The observed DOC fluxes from throughfall (n = 112) and the litter layer (n = 41)
varied between 0.07–48.00 and 0.40–74.06 g C m−2 year−1, with medians of 7.36 and
12.91 g C m−2 year−1, respectively (see Figure S3 in the Supplementary Materials). The
mean DOC fluxes from throughfall were 11.43 ± 1.52 and 8.84 ± 1.18 g C m−2 year−1

in broadleaved (n = 56) and coniferous forests (n = 56), respectively (see Figure S3 in the
Supplementary Materials). Similarly, the mean DOC fluxes from the litter layer were
21.87 ± 4.66 and 12.49 ± 2.86 g C m−2 yr−1 in broadleaved (n = 22) and coniferous forests
(n = 19), respectively (see Figure S3 in the Supplementary Materials). DOC fluxes from
the litter layer in coniferous forests were significantly lower than those in broadleaved
forests (p < 0.05, see Figure 2), while there was no statistical difference in DOC fluxes from
throughfall (p > 0.1, see Figure 2). For these two forest types, DOC fluxes from the litter
layer were higher than those from throughfall.
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Figure 2. Comparison of DOC flux from throughfall or the litter layer between broadleaved and
coniferous forests. The box and whisker plots represent 25th percentile, median, 75th percentile,
minimum and maximum values in each bin. The black solid circles present the mean values. The red
circles represent data from throughfall. The green and orange squares represent data from throughfall
in coniferous and broadleaved forests, respectively. The red rhombuses represent data from the litter
layer. The green and orange rhombuses represent data from the litter in coniferous and broadleaved
forests, respectively. Significant differences are denoted by “*” at p < 0.05, between coniferous forests
and broadleaved forests.

3.2. Effects of Climatic Variables on DOC Fluxes

Across all forest ecosystems, DOC fluxes from throughfall increased significantly
with MAT, MAP, and PET (p < 0.05; see Figure S4 and Table S2 in the Supplementary
Materials). Throughfall-DOC flux in coniferous forests increased with MAT and MAP,
while that in broadleaved forests increased with PET (p < 0.05; see Figure 3 and Table S2 in
the Supplementary Materials). DOC fluxes from the litter layer were positively correlated
with MAT in all forests and coniferous forests, while DOC fluxes from the litter layer

http://www.r-project.org/
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did not show significant correlations with MAT, MAP, and PET in broadleaved forests
(see Figure 3 and Table S2 in the Supplementary Materials). Furthermore, there was no
significant difference in the LMM coefficients between broadleaved and coniferous forests,
compared with the climate variables (see Table S2 in the Supplementary Materials).

1 

 

 Figure 3. Relationships of the DOC flux from throughfall with mean annual temperature (MAT) (a),
mean annual precipitation (MAP) (b), and potential evapotranspiration (PET) (c). Relationships of the
DOC fluxes from the litter layer with MAT (d), MAP (e), and PET (f). The fitted lines were determined
with a linear mixed-effect model, with the site within the climate zone as a nested random factor. cR2

indicated the contribution of fixed and random effects. The orange and blue squares represented
data in broadleaved and coniferous forests, respectively. The dashed line indicated an insignificant
correlation between DOC flux and climate properties at the p > 0.05 level. Response and predictor
variables were transformed by the nature log.

3.3. Effects of Plant Traits on DOC Fluxes

DOC flux from throughfall significantly increased with NPP and decreased with LN
and LP (p < 0.05), but had no significant relationships with LAI, canopy height, and SLA
across all forest ecosystems (p > 0.05; see Figure S4 and Table S2 in the Supplementary
Materials). In broadleaved forests, DOC flux from throughfall had a negative relationship
with SLA, LN, and LP, but DOC flux from throughfall had a positive relationship with SLA
in coniferous forests (p < 0.05), while there were no significant relationships with NPP, LAI,
and canopy height (see Figure 4 and Table S2 in the Supplementary Materials). There was
no significant difference in the LMM coefficient between broadleaved and coniferous forests
compared with plant traits, with the exception of SLA (see Table S2 in the Supplementary
Materials). Throughfall-DOC flux in broadleaved forests exhibited a significant negative
correlation with SLA but did not show any significant trend in coniferous forests (see
Table S2 in the Supplementary Materials).

In the case of the litter layer, DOC flux was not significantly correlated with plant
traits, but it increased significantly with LAI and SLA in coniferous forests (p < 0.05; see
Figure 4 and Table S3 in the Supplementary Materials). Interestingly, DOC flux from
the litter layer decreased with LN in coniferous forests, but it increased in broadleaved
forests (p < 0.05; see Figure 4 and Table S3 in the Supplementary Materials). There was no
significant difference in the LMM coefficient between coniferous and broadleaved forests
compared with plant traits, with the exception of LN (see Table S3 in the Supplementary
Materials). The relationships of DOC flux from the litter layer with LN were significantly
different between coniferous and broadleaved forests (see Figure 4 and Table S3 in the
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Supplementary Materials). The results from the random forest model showed that SLA
was more important than other factors for causing a variation in DOC flux (see Figure 5).
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Figure 4. Relationships of the DOC flux from throughfall with net primary production (NPP) (a),
leaf area index (LAI) (b), canopy height (c), specific leaf area (SLA) (d), leaf nitrogen content per leaf
mass (LN) (e), and leaf phosphorus content per leaf mass (LP) (f). Relationships of the DOC fluxes
from the litter layer with NPP, (g), LAI, (h), canopy height (i), SLA (j), LN (k), LP (l). The fitted lines
were determined by a linear mixed-effect model, with the site within the climate zone as a nested
random factor. cR2 indicated the contribution of fixed and random effects. The orange and blue
squares represent data in broadleaved and coniferous forests, respectively. The dashed line indicates
an insignificant correlation between DOC flux and climate properties, at the p > 0.05 level.
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Figure 5. Variation partitioning (marginal R2) of climate and plant traits when accounting for the
variance in DOC flux from throughfall (I) and the litter layer (III). In the multiple linear mixed model,
the symbols a/c and b/d represent the independent effects of climate factors and plant traits on DOC
flux from the throughfall/litter layer; ab/cd represent the interactive effects between climate and
plant traits on DOC flux from throughfall/litter layer, respectively (see Figure S2 in the Supplementary
Materials). The random forest values indicate the predictor importance (IncNodePurity) of climate
and plant traits on DOC flux from throughfall (II) and the litter layer (IV). Variable importance
is indicated as an increase in the model’s node purity if a specific variable is removed. There are
nine variables used in the full-variable random forests model, including MAT, MAP, PET, LAI, NPP,
canopy height, SLA, LN, and LP. The abbreviations are in reference to Figures 3 and 4.

3.4. The Relative Contribution of Climate and Plant Traits to DOC Fluxes

According to the best multiple linear mixed models, significant interactive effects on
DOC flux from throughfall were observed between SLA and forest type, LN, and MAT,
while interactive effects on DOC flux from the litter layer were between forest type and
SLA or LN (see Table 1). Results from variation partitioning analysis showed that plant
traits and climatic variables, together, explained 46.3% of the variance in DOC fluxes from
throughfall, of which plant traits and climate independently explained 27.2% and 17.3% of
the variance, respectively, and their interactive effects only explained 1.8% of the variance
(see Figure 5). Similarly, these two factors together explained 76.7% variance in DOC fluxes
from the litter layer, of which plant traits and climate independently explained 68.4% and
0.3% of the variance, respectively, and their interactive effects explained 8% of the variance
(see Figure 5).
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Table 1. The multiple effects of climate, plant traits, and forest type on DOC flux from throughfall
and the litter layer, based on the best model. Results from multiple linear mixed models are shown.

Model
Throughfall

Model
Litter Layer

Variable Coefficient Variable Coefficient

Full
model Intercept 9.09 Full

model Intercept −0.13

MAT −1.54 * MAT 1.33
MAP 0.17 MAP −0.19
SLA −0.71 LN 0.10 **
NPP 0.31 SLA −0.35
LN −0.41 * FT −1.58
FT 0.51 * LN × FT 1.55 ***

LN × MAT 0.12 * SLA × FT 0.33 ***
SLA × FT 2.51 *** mR2 76.7

mR2 46.3
Climate
model Intercept −1.37 Climate

model Intercept 1.48

MAT 0.79 * MAT −70 *
MAP 0.12 MAP 2.00
mR2 19.1 mR2 8.3

Traits
model Intercept 5.71 Traits

model Intercept 2.49

SLA −0.75 * LN 0.12 **
NPP 0.75 * SLA −0.36
LN −0.03 FT −2.39
FT −0.71 *** LN × FT −0.37 ***

SLA × FT 1.52 *** SLA × FT 1.79 ***
mR2 29.0 mR2 76.4

Note. MAT (◦C), mean annual temperature; MAP (mm), mean annual precipitation; NPP (kg yr−1), net primary
production; LAI, leaf area index; SLA (cm2 g−1), specific leaf area; LN (g N kg−1), leaf nitrogen content per leaf
mass; LP (g P kg−1), leaf phosphorus content per leaf mass. mR2 indicates fixed effects (R2 marginal). The symbol
‘×’ indicates the interaction of two variables. *** p < 0.001, ** p < 0.01, * p < 0.05.

4. Discussion
4.1. Differences in DOC Flux between Coniferous and Broadleaved Forests

Understanding the global pattern of DOC flux and its influencing factors is crucial
for better predicting and assessing the feedback of the carbon cycle in terms of climate
change [11], although the influencing factors might be different among forest ecosystems.
Our results showed that DOC fluxes from the litter layer in coniferous forests were sig-
nificantly lower than those in broadleaved forests (see Figure 2), likely resulting from the
difference in litter quality/quantity and the subsequent litter decomposition in diverse
forests [52]. Generally, conifer needles contain more lignin than broadleaves, which could
hinder leaf litter decomposition, leading to less DOC being released [34,53]. However, a
meta-analysis did not display any difference in DOC fluxes from the litter layer between
broadleaved and coniferous forests in temperate regions [14]. This controversy might be
due to the low variation in litter traits in the same climate type, compared to the great
changes on the global scale [32,54].

For DOC flux from throughfall, there was no significant difference between conifer-
ous and broadleaved forests (see Figure 2). We found significant relationships between
climate (e.g., MAT, MAP, and PET) and DOC flux from throughfall (all forest sites), while
the relationships only significantly increased in the case of MAT for the litter layer (see
Figure 3a–c and Table S1 in the Supplementary Materials). This may be attributed to the
difference in the influencing factors with canopy structure, atmospheric dust, and precip-
itation for DOC flux from throughfall, and with litter quality and decomposition for the
litter layer, among these two vegetation types [10,52,55]. Besides this, our results showed
significant relationships between climate (MAT and MAP) and DOC flux from throughfall
in coniferous forests but did not for broadleaved forests (see Figure 3a,b and Table S1 in the
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Supplementary Materials). This may be attributed to the fact that a high MAP may enhance
DOC flux by increasing the plant carbon inputs, although a high MAP could generate
a dilution effect on DOC concentration in broadleaved forests [25,56]. Furthermore, the
increasing trends of DOC fluxes from throughfall with the MAP in coniferous forests were
inconsistent with an early synthesis showing no relationships in temperate forests [14].
These contradictory results may be due to the low variation in MAP, causing the limiting
effects of MAP on DOC fluxes in temperate forests, compared to this study at the global
analysis level [14]. In addition, DOC fluxes from the litter layer increased with MAT in
broadleaved forests, while they showed no significant correlation with MAT in coniferous
forests (see Figure 3d–f and Table S1 in the Supplementary Materials). These findings
were supported by a MAT threshold hypothesis: plant traits have a dominant effect on
litter decomposition when MAT does not limit the decomposer activity (see Table 1) [57].
Furthermore, coniferous forests are usually located in cold and arid regions, where there
was a lower litter decomposition rate, causing lower DOC fluxes compared to broadleaved
forests [20].

4.2. The Dominant Role of Plant Traits in the Spatial Variability of DOC Fluxes Relative
to Climate

DOC flux is usually affected by myriad biotic and abiotic factors [14]. However, it
was unclear whether and in what way climate and plant traits affect DOC flux. In this
study, the contribution of plant traits (e.g., SLA or LN) to the spatial variability of DOC
flux from throughfall or litter layer was predominant relative to climate (e.g., temperature
and precipitation; see Table 1 and Figure 4). Specifically, the significant interactive effect
between LN and forest type on DOC flux indicated that the LN-DOC flux relationship
was different between broadleaved and coniferous forests, which was supported by the
increased DOC flux with LN in broadleaved forests but the decreased DOC flux with
LN in coniferous forests (see Figure 4 and Table 1 and Table S1 in the Supplementary
Materials). These results may be due to the following reasons. First, LN has been proved to
influence the litter decomposition rate [58]. Meanwhile, decomposer composition was more
strongly related to litter N availability rather than its moisture or temperature [59] and, thus,
indirectly influenced DOC flux. Second, leaf surface protection by wax in coniferous forests,
which was likely to limit the leaching of nutrients from leaves, resulted in lower DOC
fluxes compared to that in broadleaved forests [14,33,34]. Furthermore, conifer needles
have a higher lignin content and slower litter decomposition than broadleaves, resulting
in low DOC fluxes in coniferous forests (see Figure 2) [8]. We also found that forest type
could indirectly regulate DOC flux from the litter layer by influencing SLA (see Table 1).
Compared with broadleaved leaf litter, coniferous leaf litter usually has a low SLA and
nitrogen-poor leaves, which may be associated with a slow rate of decomposition, resulting
in lower DOC flux [60,61].

We found that litter layer-DOC fluxes from coniferous forests increased with LAI,
which was positively related to the production of litterfall (see Figure 4h) [62,63]. This
result was consistent with previous investigations showing that the removal of annual
litterfall decreased the DOC fluxes from the litter layer in a hardwood forest [62]. Previous
studies suggested that the duration of contact between infiltrating water and organic matter
increased with the thickness of the litter layer, thereby increasing the amount of DOC
flux [64]. Meanwhile, the thickness of the litter layer was one of the key mechanisms
for DOC flow into soil carbon storage, which was dependent on differences in plant
species [14,64].

For throughfall, DOC flux increased significantly with NPP (see Table S1 in the Sup-
plementary Materials), probably due to the fact that plant biomass plays an important
role in throughfall-DOC flux, via aboveground biomass [10]. For example, low NPP pro-
vides less C for precipitation processes, causing fewer DOC fluxes during the throughfall
progress [65]. In addition, DOC fluxes from throughfall were positively affected by the
interactive effect between SLA and the forest type (see Figure 4d and Table 1). According
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to leaf construction cost hypotheses that a low SLA generally has a high lignin content to
resist environmental stress, the resulting throughfall-DOC flux decreased with decreasing
SLA in coniferous forests [66–69]. Generally, plant traits could affect the resources acqui-
sition of phyllosphere microbes, including the availability of leaf nutrients and organic
compounds [66,70], which finding was in accordance with our results that throughfall-DOC
flux decreased with SLA, LN, and LP in broadleaved forests (see Figure 4h,i and Table S1 in
the Supplementary Materials). For example, the “conservative” resource-strategy species
(e.g., with a low SLA, LN, and LP) would invest more nutrients in their structural organs,
likely leading to higher leaching DOC fluxes from throughfall [32]. Meanwhile, SLA was
also related to water-holding capacity and the concentration of secondary metabolites in
the leaf, which could influence the DOC flux [71]. Therefore, plant traits may influence
forest throughfall DOC fluxes more on a global scale than does climate [72].

4.3. Limitations and Implications

As a substantial element of the global carbon and hydrological cycles’ balance, DOC
fluxes not only directly link nutrients for plants and microbes but also easily transport
organic C among the different ecosystems [12,73], although DOC fluxes are relatively
small. However, DOC fluxes can be greatly influenced by global changes, including rising
temperatures, reduced moisture, and changing vegetation via land-use change [4,12,13].
Our study may offer some insights into the improvement of land-surface models, as well
as future experiments, at least in three aspects. First, our results showed the greater
contribution of plant traits, relative to climate, to the spatial variation of DOC flux from
throughfall and the litter layer (see Figure 5). Current ecosystem or land surface models
only consider the effects of climate and forest types on DOC flux and neglected the role of
plant traits in the terrestrial carbon cycle [10,74]. These findings can be incorporated into
the framework of ecosystem and regional models, to improve the estimation of global DOC
balance [9,11], especially in terms of global climate change. Specifically, the correlations
of SLA with DOC fluxes from throughfall and LN with those from the litter layer could
be directly used in setting model parameters and equations, to predict the forest carbon
dynamic in the future.

Second, we found that DOC fluxes were higher in broadleaved forests than in conifer-
ous forests (see Figure 2), suggesting the importance of forest type in terms of DOC fluxes.
Forest type could affect soil carbon decomposition, due to the different responses of the
soil microbial community to variations in litter quality and quantity [75,76]. However, our
dataset did not include information regarding the microbial composition and the interactive
effects on DOC flux. Besides this, the DOC microbial mechanism is still unclear on a global
scale. Hence, researchers should pay more attention to the importance of DOC microbial
progress in future global analyses. In addition, this study did not test the influences of
lignin or cellulose on the DOC flux, due to the lack of sufficient trait measurements across
the study sites. It is worth addressing how the lignin values covary with climate to further
drive the DOC flux in the future [34,53]. Furthermore, the biases caused by the different
approaches might affect the global estimates. Thus, we intend to adopt a standard method
to analyze DOC in the future. According to the results of LMM, the marginal R2 was much
lower than the conditional R2, indicating that the random factor of the site within the
climate zone also affected DOC flux, along with other environmental factors that were not
included in this study. Third, most of the current studies were distributed in temperate
regions, particularly in Europe (see Figure 1). The limited ecosystem types and climate
zones involved here may have also induced uncertainties when generalizing patterns and
drivers. Thus, more studies from other regions (e.g., Africa, South America, Oceania, and
Russia) need to be conducted in the future to better understand how climate and plant
traits influence DOC flux in global forests.
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5. Conclusions

Forest DOC fluxes from throughfall and the litter layer are an important source of
carbon for soil microorganisms and mineral soil carbon sequestration. In this study, we
found that DOC fluxes from throughfall and the litter layer were higher in broadleaved
forests than those in coniferous forests on a global scale. The correlations of the DOC flux
with climate and plant traits were significantly different in broadleaved and coniferous
forests. The variations in DOC flux from throughfall and the litter layer were explained
by plant traits (e.g., SLA or LN), indicating that the contribution of plant traits is probably
higher than that of climate to forest DOC fluxes on a global scale. This study highlights
the importance of forest type and the regulation of SLA/LN for DOC fluxes from the
throughfall/litter layer on a global scale, which should be considered in the prediction of
this global carbon flux in future climate scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13071119/s1, Method S1: The calculation of dominant species-
based plant traits [37,77], Figure S1: Principal component analysis of the throughfall and litter
layer climate variables (a and b) and plant traits (c and d), respectively. MAT (◦C), mean annual
temperature; MAP (mm), mean annual precipitation; PET (mm), potential evapotranspiration; NPP
(kg yr−1), net primary production; LAI, leaf area index; CH (m), canopy height; SLA (cm2 g−1),
specific leaf area; LN (g N kg−1), leaf nitrogen content per leaf mass; LP (g P kg−1), leaf phosphorus
content per leaf mass, Figure S2: Variance partitioning among those variables that influence the
dissolved organic carbon (DOC) fluxes from throughfall and the litter layer. Fraction a represent the
independent effects of climate; fraction b represents the interactive effects between climate and plant
traits; fraction c represents the independent effects of the plant traits. [a + b + c] represents the total
effect of the climate properties and plant traits on DOC fluxes, Figure S3: Frequency distributions of
the logarithmic transformed (nature log) DOC flux from throughfall (a) and the litter layer (b) on a
global scale, Figure S4: Relationships between the DOC fluxes from throughfall and the litter layer and
mean annual temperature (MAT, a), mean annual precipitation (MAP, b), potential evapotranspiration
(PET, c), net primary production (NPP, d), leaf area index (LAI, e), canopy height (f), specific leaf
area (SLA, g), leaf nitrogen content per leaf mass (LN, h), and leaf phosphorus content per leaf mass
(LP, i). The fitted lines were determined with a linear mixed-effect model, with the site within the
climate zone as the nested random factor. cR2 indicated the contribution of fixed and random effects.
The red squares and blue rhombus represent data from the throughfall and litter layer, respectively.
The dashed lines indicate an insignificant correlation between DOC flux and climate/plant traits at
the p > 0.05 level, Table S1: Reference list of the DOC flux, site location, climate, and plant traits in
this meta-analysis, Table S2: Summary of the linear mixed-effects models relating climatic and plant
traits variables to the DOC flux from throughfall for all forests, broadleaved forests, and coniferous
forests, Table S3: Summary of the linear mixed-effects models relating climatic and plant traits
variables to the DOC flux from the litter layer for all forests, broadleaved forests, and coniferous
forests, Table S4: Contributions of climate and plant traits from throughfall and the litter layer to Dim
1, Dim 2 and Dim 3 of the principal component analysis. Abbreviations are in reference to Figure S3,
Table S5: Corrected Pearson’s correlation for spatial autocorrelation among DOC flux climate (MAT,
MAP, and PET) and plant traits (NPP, LAI, CH, SLA, LN, and LP), Table S6: Data transformations for
summary statistics, multiple linear regression models, and correlations, Data S1. A list of 44 papers
from which the data were extracted for this meta-analysis.
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