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Litter stocks account for approximately 8.7 % of total carbon stocks in European forests, playing a crucial role in
nutrient cycling, carbon storage, and forest ecosystem health. This study analyzes the climatic, environmental,
and structural drivers of litter accumulation and quality in Spanish forests across four bioclimatic regions. Using
data from 620 plots monitored through the ICP Forests Level I network over three measurement cycles
(2014-2024), we evaluated spatial and temporal patterns of litter biomass and quality using Generalized Linear
Mixed Models. Our results show the highest litter stocks in the Atlantic bioregion, especially in mixed conifer-
broadleaf forests, (up to 11.21 + 7.7Mg ha™), while significant declines were observed over the time span
considered in Subalpine and Montane Conifer and Deciduous Broadleaf forests. The Mediterranean region also
displayed high litter stocks but with marked declines. In contrast, the Alpine and Macaronesian bioregions
showed no significant changes. Litter quality, assessed via C/N ratios, varied substantially among regions and
forest types. The Mediterranean region displayed both the highest mean C/N values and the widest range,
particularly in coniferous and mixed stands. Significant temporal declines in C/N were observed in the Medi-
terranean, Alpine, and Atlantic regions. Overall, litter dynamics were driven by a combination of factors,
including mean tree age, climatic variables, forest types, bioregion and site conditions. The study provides
statistical indications of a decline in both litter stocks and C/N ratio over the past 11 years, emphasizing the need

to integrate spatial and ecological variables to better understand forest litter dynamic.

1. Introduction

Forests are one of the main carbon (C) sinks, storing between 40 %
and 60 % of all terrestrial C and sequestering approximately 33 % of the
C emitted by fossil fuels each year (Denman and Brasseur, 2007; Pan
et al., 2024). However, this capacity is diminishing due to deforestation
and ecosystem degradation, with total C stocks dropping from 668 to
662 gigatonnes between 1990 and 2020 (FAO, 2020). Forest C is stored
in five main pools: above- and belowground biomass, deadwood, forest
floor, and soil (Penman et al., 2003). Among these, litterfall is key for
transferring organic C and nutrients into the soil, sustaining nutrient
cycling and overall ecosystem health (Krishna and Mohan, 2017).

Composed of leaves, twigs, and other organic material, litter is a
primary pathway for nutrient return and an indicator of forest produc-
tivity (Chave et al., 2010; Uri et al., 2022). Through decomposition, it
contributes to humus formation, soil structure, moisture retention, and
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microbial activity (Berg and Laskowski, 2005; Cao et al., 2024). In Eu-
ropean forests, litter represents about 8.7 % of total C stocks, with soils
accounting for 53.9 % (Forests Europe, 2020). In addition to supporting
nutrient cycling and C storage, litterfall plays a role in pollutant
sequestration, capturing atmospheric elements such as mercury (Hg),
sulfur dioxide (SO2), ozone (0Os), and ammonia (NHs) (Fowler et al.,
1989; Méndez-Lopez et al., 2023). This dual function underscores its
role in sustaining ecosystem health.

Litter quantity and quality are shaped by ecological and environ-
mental factors such as climate, soil fertility, and forest characteristics,
influencing its composition, timing, and production (Neumann et al.,
2018). Studies highlight regional variability: in subtropical forests, lit-
terfall production is negatively correlated with maximum temperature
during the wet season, positively influenced by wind speed, and varies
significantly by forest type, highlighting the complex interplay between
climatic and ecological factors (Liu et al., 2024); In temperate zones,
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litterfall is positively associated with stand age and site quality, but the
magnitude of this effect depends on the age distribution of stands (Uri
et al., 2022). In tropical South America, soil type emerges as a critical
factor, with significantly lower litterfall observed on nutrient-poor white
sand soils, underscoring the importance of edaphic conditions in shaping
litter production in these ecosystems (Chave et al., 2010). Other drivers
include stand density, disturbances, and pathogen outbreaks (Neumann
etal., 2018; Seidl et al., 2014). Beyond litter inputs, litter stocks are also
controlled by decomposition, which depends, among other constraints,
on site conditions and litter trait (Canessa et al., 2021; Joly et al., 2023;
Shaolin and Qiang, 2002a). As over 90 % of nitrogen and phosphorus
used by plants is recycled through litter (Stuart Chapin et al., 2002),
both its production and decomposition are critical to nutrient cycling.
Decomposition rates are shaped by litter quality—often measured by the
initial C/N ratio—and by factors such as soil biota, climate, and nutrient
availability (Aerts and Chapin, 2000; Stuckenberg et al., 2025; Zhang
et al., 2016).

In Europe, climate change poses one of the greatest challenges to
forest ecosystems, with regional variability making its impacts hard to
predict (Michel et al., 2023). This underscores the need for models that
integrate seasonality, spatial variability, and forest characteristics to
better understand litter dynamics under changing climatic conditions.
For example, C sequestration in European temperate forests dropped by
12 % from the 2000s to 2010s, likely due to forest maturation (Pan et al.,
2024). At the same time, prolonged droughts have triggered bark beetle
outbreaks in Central Europe, compromising forest health and potentially
shifting some areas from C sinks to C sources.

Assessing how litter stocks respond to climate is essential for un-
derstanding forest—climate interactions, especially in vulnerable areas
like the Iberian Peninsula (Enriquez-de-Salamanca, 2025; Joly et al.,
2023; Shaolin and Qiang, 2002b). This requires long-term, large-scale
monitoring, such as the framework established by the International
Co-operative Programme on Assessment and Monitoring of Air Pollution
Effects on Forests (ICP Forests), which allows comparisons between
model predictions and empirical data (Michel et al., 2023; Neumann
et al., 2018).

This study analyzes litter stock drivers in Spain using Generalized
Linear Mixed Models (GLMM), examining environmental, climatic, and
forest variables across forest types, bioregions, and time. Our goals are
to: i) investigate temporal trends in litter stock and quality over the past
11 years, and ii) identify the environmental drivers related to litter
stocks and quality across Spain. We hypothesize that litter stock and
quality across Spanish forests is primarily driven by: (i) climatic vari-
ables, with higher temperatures and lower precipitation associated with
reduced litter accumulation and altered litter C/N ratios and, (ii) forest
structure and composition, with older stands and conifer-dominated
forests showing higher litter accumulation.

2. Materials and methods

2.1. ICP Forests monitoring network: the systematic large-scale
monitoring (Level )

ICP Forests is a comprehensive long-term network dedicated to
monitoring forests across Europe and other regions, with 42 countries
participating. Founded in 1985, its aim is to gather, compile, and assess
data on forest ecosystems, tracking changes in forest conditions and
performance over time. The systematic large-scale monitoring Level I
(ICP-Forest I) is based on 5628 observational plots, arranged on a
transnational 16 x 16 km grid across European forests and beyond, to
provide insights into geographic and temporal variations in forest con-
dition (Ferretti et al., 2020; Kai Schwarzel et al., 2022). In Spain, the
network comprises 620 plots, where a range of measurements
(geomorphological and stand data such as defoliation) are conducted at
regular time intervals. In this context, ’litter’, in ecological terms, refers
to two concepts: the layer of dead plant material accumulated on the soil
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surface or detached plant material originating from living plants
(Krishna and Mohan, 2017). Three litter measurement cycles were
completed across all 620 plots (Fig. 1). The first cycle was from 2014 to
2017, the second from 2018 to 2020, and the third from 2021 to 2024.
Note that no measurements were conducted in 2015. The first and third
cycles spans four years instead of three as it was not possible to complete
the entire cycle of plots within the usual three-year period. Each year, an
average of 206 plots are measured.

Fieldwork involved collecting litter using a square container with no
base, measuring 50 x 50 cm, positioned 6 m from the center of each plot
and oriented in the North (N), East (E), South (S), and West (W) di-
rections. To ensure representative data, four collection points were
taken from each plot. To avoid potential influences from previous
sampling activities, these collection points are relocated within the plots
each cycle, allowing measurements to be taken in fresh, undisturbed
areas. At each sampling point, all fresh organic material, whether intact
or partially decomposed and from which the plant origin could still be
identified, was gathered.

In the laboratory, each litter sample was sieved through a 2 mm
mesh, discarding material smaller than this size. The samples were then
dried in an air oven at 70°C for 48 h before being weighed. Finally, the
concentrations of C and nitrogen (N) were determined using dry com-
bustion analysis with an automated analyzer (LECO model CN-2000).
Having obtained these two concentrations, we determined the C/N
ratio as a measure of litter quality. High litter C/N ratios were inter-
preted as indicators of slower decomposition and reduced nitrogen
availability due to potential nitrogen immobilization (Cotrufo et al.,
2005; Gonzalez et al., 2022).

2.2. Characterization of ICP plots

We utilized the most up-to-date data from the Spanish National
Forest Map to assign a forest type to each ICP plot (MITECO, 2022).
However, this map contains over 70 different forest types, which could
complicate interpretation. To facilitate the analysis and assess general
trends, we aggregated these forest types into broader categories
following the methodology outlined by Moreno-Fernandez et al. (2024).
The resulting categories are as follows: Subalpine and montane conifers
(n =102 plots), Mediterranean conifers (n = 148 plots), Deciduous
broadleaves (n =81 plots), Evergreen broadleaves (n =126 plots),
Macaronesian conifers (n = 9 plots), Macaronesian broadleaves (n = 2
plots), Open woodlands (n = 63 plots), and Mixed stands of conifers and
broadleaves (n = 89 plots). This classification provides a more stan-
dardized and interpretable framework for data analysis, enabling clearer
insights.

Furthermore, we used ERAS climate reanalysis data, which provides
hourly estimates of a large number of atmospheric, land, and oceanic
climate variables at a spatial resolution of ~31 km globally (Hersbach
et al., 2020), to climatically characterize each ICP plot. In particular, we
focused on mean annual temperature and annual precipitation. Finally,
geomorphological data (coordinates, elevation in m, slope in degrees
and aspect as an eight-level factor) along with stand defoliation data
(expressed as the portion of affected canopy (%) with respect to the
whole crown and grouped in 5 % intervals and mean dominant stand
age) were obtained from the ICP-Forest I dataset (http://www.icp-fo
rests.net). The mean values for these variables are presented in Table 1.

2.3. Statistical analysis

Initially, Wilcoxon tests were used to analyze differences in litter
stock and litter quality (C/N ratio) across the three sampling cycles and
the different forest types. This non-parametric test was chosen to
compare paired samples and identify significant differences between
cycles.

Subsequently, a GLMM was employed to model both litter stock and
quality and assess the influence of various explanatory variables selected
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Fig. 1. Overview of the 620 plots in Spain from the ICP-Forests Level I Monitoring Data where litter has been measured across three consecutive cycles. The figure

highlights the distribution of plots across different bioregions and forest types.

Table 1
Predictor variables used to estimate litter biomass across different forest types.
Predictor categories and Unit Min Max Mean =+ sd
variables
1) Climatic predictors
Mean temperature °C 5.53 20.47 14.01 £+ 2.58
Total precipitation mm 87.98 1869.47 753 + 349.48
2) Spatial and
geomorphological
characteristics
X coordinate ( UTM ETRS89, m 354663 4116345 —3435049
zone 30 N) + 354663
Y coordinate ( UTM ETRS89, m 2499537 4371678 4051916
zone 30 N) + 2499537
Elevation masl  396.89 1725 776.62
+ 396.89
Slope ° 1 10 3.36 £ 1.96
Aspect® - - -
3) Stand predictors
Defoliation % 5.79 76.74 22.76 + 8.92
Mean age years 10 150 62.11 + 49.86

@ Categorical variables with eight classes.

for their ecological relevance and statistical significance. Climatic var-
iables, including mean annual temperature and total precipitation, were
included to capture environmental influences. Stand-related variables
such as defoliation (as a proxy for forest health and disturbance) and
stand age (as a proxy for forest maturity) were also considered. Addi-
tionally, aspect (included as it can influence microclimatic conditions
such as soil temperature and moisture), monitoring time (included as a
categorical variable to account for temporal variation through three
completed cycles), and forest type (to reflect differences in species
composition and stand structure) were also included as fixed effects. To
account for site-specific variability in litter dynamics, we included an
additional random effect of the plot (o).

A full model (Eq.1) was fitted using the glmmTMB function from the
glmmTMB R package v1.1.10 (Brooks et al., 2017), which estimates
parameters via maximum likelihood using the Template Model Builder
(TMB) framework. A Gamma distribution of errors with a log link
function was specified to account for the skewness in the response
variable.

The full model specification was as follows:

log(y;) = po+ pForest types;, + p,Age;,+ psAspect;
+ p,Defoliation; +  psPrecipitation + s Temperature; 1)
+p,Time+ o;

The response variable y; represents the average litter stock per plot
(or the C/N ratio in the case of the second model), calculated as the
mean of four subsample measurements taken within each plot. The
parameter f, represents the intercept of the model. Climatic variables
(mean temperature and total precipitation). Stand-related predictors,
such as defoliation and stand age were also included. Aspect, time and
the different forest types were considered as categorical variables. f,
represents the parameter coefficient for the n fixed effect. o; represents
the plot random effects.

To identify a parsimonious and ecologically meaningful model set,
we used the dredge function from the MuMIn package (Barton, 2016) to
evaluate all possible combinations of fixed effects while retaining the
random structure. Only models within 4 AICc units (AAICc < 4) of the
best-ranked model were retained (Burnham and Anderson, 2002).
Model-averaged parameter estimates were then calculated using Akaike
weights across this candidate set, providing estimates of coefficients,
standard errors, and p-values via the model.avg function.

This same analytical approach was applied to model litter quality (C/
N ratio), using the same set of explanatory variables and full model
(Eq.1).

All statistical analyses and graphical outputs were conducted using R
software (R Core Team, 2019).

Before interpreting the results, comprehensive diagnostic checks
were conducted to ensure the robustness of the model. Collinearity
among predictors was assessed using the performance package (D.
Liidecke et al., 2021), with all Variance Inflation Factor (VIF) values
remaining below the threshold of 3, indicating low correlation. Spatial
autocorrelation was examined using the DHARMa package (Hartig,
2024) and evaluated using Moran’s I test, which showed no significant
spatial patterns. Furthermore, all model assumptions were rigorously
evaluated using DHARMa diagnostics, confirming that the model was
well-specified and suitable for inference.

Differences in mean annual temperature and mean annual total
precipitation among monitoring cycles were tested using one-way
analysis of variance (ANOVA) to determine whether group means
differed significantly. When significant differences were detected,
Tukey’s Honest Significant Difference (HSD) post hoc test was applied to
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identify which specific pairs of monitoring cycles showed significant
contrasts.

3. Results
3.1. Litter biomass dynamics

Litter accumulation is first analyzed at global level in Spain,
providing an overview of its dynamics without differentiating between
forest types or bioregions (Fig. 2). The results show a gradual decline in
litter accumulation across the monitoring cycles. The first cycle
(2014-2017) recorded the highest average value (6.51 Mg ha™), fol-
lowed by cycle 2 (2018-2020) with 6.23 Mg ha', and cycle 3
(2021-2024) with the lowest accumulation (5.45 Mg ha™'). According to
the Wilcoxon’s test, no significant differences were found between cy-
cles 1 and 2, whereas the reductions observed between cycle 1 and cycle
3, as well as between cycle 2 and cycle 3, were statistically significant (p-
value < 0.001 in both cases).

When grouping the data into four Spanish bioregions (Mediterra-
nean, Atlantic, Alpine, and Macaronesian) across different forest types,
litter stock values varied considerably across forest types, bioregions,
and cycles (Fig. 3).

The Atlantic bioregion, on average, recorded the highest litter stocks,
particularly in mixed conifer-broadleaf stands and subalpine and
montane conifers during the first cycle, with values reaching 11.21
+7.7 and 9.51 + 4.91 Mg ha' respectively. In this bioregion, while
mixed conifer-broadleaf stands and evergreen broadleaf forests showed
no significant differences between cycles, both subalpine and montane
conifers and deciduous broadleaf forests exhibited a significant decline
in litter stocks between the first and third cycles, with p-values of < 0.03
and < 0.001, respectively.

In the Mediterranean region, litter stocks were generally lower than
in the Atlantic bioregion. Among forest types, Subalpine and montane
conifers showed the highest litter stock values, reaching 7.78 + 4.98 Mg
ha~?!, with significant declines observed between the first and third
cycles (p-value < 0.01), and the second and third (p-value < 0.04). By the
third cycle, litter values had decreased to 6.40 + 6.90 Mg ha™' . Simi-
larly, Mediterranean conifers and evergreen broadleaf stands also dis-
played a similar downward trend, with significant reductions between
the first and third cycles (p-value = 0.01 and 0.03, respectively), and
between the second and third cycles (p-value = 0.04, and 0.05, respec-
tively). In contrast, deciduous broadleaf forests, mixed conifer-broadleaf
stands and open woodlands showed consistent litter stocks across all
cycles. Open woodlands, in particular, exhibited the lowest litter stock,
with values around 2.37 + 1.76 Mg ha™ .

In the Alpine bioregion, litter stock values were generally lower than
those in the Mediterranean and Atlantic regions, and no significant

I @ 2014-2017 @ 2018-2020 @ 2021-2024)
-0

40

o
o

30

20

10 5
0 ? 2
T

Cycle 1 Cycle 2 Cycle 3

Litter stock (Mg ha™)

Fig. 2. Litter stock values over three cycles at the national level. Significant
differences among the cycles were determined using Wilcoxon test. The letters
indicate statistically significant differences between cycles.
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differences observed between cycles within either forest type. Subalpine
and montane conifers had the highest average litter values within this
region, reaching 6.87 + 4.68 Mg ha™. On the other hand, mixed
conifer-broadleaf stands displayed the lowest average litter stocks, at
3.95 + 1.23 Mg ha across all three cycles.

In the Macaronesian bioregion, conifer stands exhibited a non-
significant decrease in litter stock values, declining from 7.74 + 1.37
Mg ha™ to 4.68 & 2.69 Mg ha™' (p-value = 0.06). Broadleaf and mixed
conifer-broadleaf stands also showed a decreasing trend in litter stocks
across the cycles, although these changes were not statistically signifi-
cant. However, it is important to note that the number of plots in this
bioregion is limited, which may affect the robustness and representa-
tiveness of the results.

3.2. Litter quality dynamics

At the national scale in Spain, the litter nutrient C/N ratio was
highest during the first cycle, with a mean value of 53.2 + 22.3. The
corresponding mean C and N percentages were 48.5 % and 1.04 %,
respectively. A statistically significant decrease was observed in subse-
quent cycles, with the C/N ratio falling to 48.5+17.5 in cycle 2
(2018-2020; p-value < 0.001), accompanied by mean C and N per-
centages of 46.4 % and 1.06 %, respectively. This downward trend
continued in cycle 3 (2021-2024), where the C/N ratio further
decreased to 44.4 £+ 20.7 in cycle 3 (2021-2024; p-value < 0.001), with
corresponding mean C and N percentages of 46.5% and 1.21 %,
respectively Fig. 4.

In addition, we estimated differences in the litter nutrient C/N ratio
across various forest types within different bioregions. As shown in
Fig. 5, the C/N ratio varied significantly among the forest types studied.
Generally, conifer forest types exhibited higher C/N ratios compared to
broadleaf forests.

When examining the same group of forest types across the four
bioclimatic regions, the Mediterranean region is that which exhibits
both higher mean values and a broader range of C/N ratios. This is
particularly notable in Subalpine and Montane Conifers (mean = 58.2
+ 21.1), Deciduous Broadleaves (mean = 37.4 4+ 18.8), and Mixed
Conifer-Broadleaf stands (mean = 50.9 + 19.5). In contrast, the Alpine
and Atlantic bioregions show more moderate averages for these forest
types, reflecting less variability than those observed in the Mediterra-
nean region.

Furthermore, the Macaronesian region, particularly coniferous for-
est, exhibits the highest C/N ratios observed across all regions, with
values of 88.1 + 41.1,69.0 & 22.5, and 49.1 + 21.2 for the first, second,
and third cycles, respectively. Although these differences are not sta-
tistically significant, the relatively small number of plots (n = 9) for this
forest type should be considered when interpreting the results.

In the Atlantic bioregion, significant reductions in the litter C/N ratio
between the second and third cycles were observed in Subalpine and
Montane Conifer forests (p-value < 0.01), Deciduous Broadleaf forests
(p-value = 0.05), and Evergreen Broadleaf forests (p-value = 0.01). The
C/N ratios in these forest types varied widely, ranging from approxi-
mately 20 to 100. Additionally, the Mixed Conifer-Broadleaf forest type,
which had a small sample size (n = 9), exhibited a decrease in the C/N
ratio from the first to the third cycle though this change was not sta-
tistically significant (p-value = 0.09).

In the Mediterranean bioregion, the C/N ratio significantly declined
between the first and third cycles in several forest types, including
Subalpine and Montane Conifers, Mediterranean Conifers, Open
Woodlands, and Mixed Conifer-Broadleaf stands (p-value < 0.001, p-
value < 0.001, p-value < 0.001, and p-value < 0.001, respectively). Here,
C/N ratios displayed a broader range, from values below 15 to above
180 depending on the forest type, with Conifers reaching the highest
average values.

In the Alpine bioregion, significant reductions in the litter C/N ratio
were observed in Subalpine and Montane Conifer forests between the
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Fig. 3. Litter stock values over three cycles in four bioregions: Mediterranean, Atlantic, Alpine, and Macaronesian, across various forest types, presented separately
for each bioregion. Significant differences among the cycles for each forest type and bioregion were determined using Wicoxon test. The letters indicate statistically

significant differences between cycles.

first and third cycles (p-value < 0.01), as well as between the second and

third cycles (p-value = 0.02).

In contrast, forest types within the Macaronesian bioregion showed
no statistically significant differences in C/N ratios between cycles.

3.3. Model performance

3.3.1. Litter biomass dynamics in the Iberian Peninsula
Litter stock was driven by mean tree age, climatic variables (mean
annual temperature and total annual precipitation), monitoring time,
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Fig. 4. Comparison of carbon-to-nitrogen (C/N) ratio over three cycles at the
national level. Significant differences among the cycles were determined using
Wilcoxon test. The letters indicate statistically significant differences be-
tween cycles.

forest types, and location. The sum of Akaike weights indicated that
monitoring time, forest types, and total precipitation were the most
important variables (weight = 0.79), consistently present in all top
models. In contrast, mean tree age and mean annual temperature
showed lower importance (weights of 0.11 and 0.10, respectively),
appearing in fewer candidate models (Table 2).

In our study, annual litter across bioregions ranges from 5.64
+ 4.40-7.95 + 5.10 Mg ha™' . While litter varies among different forest
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types in Spain specifically, deciduous broadleaves, evergreen broad-
leaves, and open woodlands were associated with a significant negative
effect on litter accumulation, with p-values < 0.001, < 0.001, and
< 0.001, respectively. The strongest negative effect was observed for
open woodlands (Estimate = —0.9863, p-value < 0.001), suggesting that
this forest formation type contributes less to litter biomass compared to
the baseline. Climatic variables, particularly total precipitation, showed
a strong positive association with litter biomass (p-values < 0.001),
emphasizing the role of precipitation in enhancing litter production.
Mean temperature also had a significant effect (Estimate = 0.029, p-
value = 0.03), indicating a moderate positive influence of temperature
on litter biomass.

Temporal dynamics, represented by the three monitoring cycles, had
a significant impact on litter stocks. The second and third cycles showed
a reduction in litter biomass relative to the first cycle, with estimates of
—0.098 (p-values < 0.001) and —0.218 (p-values < 0.001), respectively,
indicating a decrease in litter biomass during these periods compared to
first cycle.

Mean forest age was negatively associated with litter biomass (p-
value < 0.001), indicating that older stands might have reduced litter
accumulation (Table 2, Fig. 6).

3.3.2. Litter quality dynamics in the Iberian Peninsula

Following model selection, only the highest-ranked model among
128 candidates satisfied the AAICc < 4 criterion (AAICc = 0), indicating
strong empirical support relative to alternative models; consequently,
only this model was retained for inference. The final GLMM, fitted with a

Macaronesian
Biogeoregion

Alpine
Biogeoregion

0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
Litter C/N Litter C/N Litter C/N Litter C/N
B 2014-2017 B 2018-2020 B 2021-2024

Fig. 5. Comparison of litter C/N (carbon-to-nitrogen) ratios across different forest types for four bioregions: Mediterranean, Macaronesian, Atlantic, and Alpine. The
forest types are: 1 - Subalpine and montane conifers, 2 - Mediterranean conifers, 3 - Deciduous broadleaves, 4 - Evergreen broadleaves, 5 - Macaronesian conifers, 6 -
Macaronesian broadleaves, 7 - Open woodlands, and 9 - Mixed conifer-broadleaf stands. Error bars represent the standard deviation. Significant differences among the
cycles for each forest type and bioregion were determined using Wicoxon test. The letters indicate statistically significant differences between cycles.
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Table 2
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Variables included in the top three models (1 if included, 0 otherwise) of litter stock, with corresponding corrected Akaike Information Criterion (AICc) values, model

weights, and averaged model performance.

AICc top models

Average model

Variable 1 2 3 Estimate (log-scale) Pr(>|z|)
Intercept 1 1 1 - i
Time Cycle 2, Cycle 1 1 1 —0.0988 (cycle2)—0.2185 (cyclo3) el

3 ek
Forest type 2,3,4,5,6,7, 1 1 1 —0.0219 (2), —0.3256 (3), —0.2463 (4),+ 0.3168 (5), + 0.1516 (6), —0.9863 (7), bkl

9 +0.0342 (9) (3, 4, 7)n.s.

(2,5,6,9)

Defoliation 0 0 0 - -
Mean age 0 1 1 —0.0018
Aspect 0 0 0 -
Precipitation 1 1 1 + 0.000516 ek
Temperature - 0 0 1 + 0.02863
AlCc 9189.1 9193.1  9193.2
Weight 0.79 0.11 0.10
R? cond. 0.66 0.70 0.70 0.69
R? marg. 0.19 0.21 0.20 0.2

The forest types are: 1 - Subalpine and montane conifers, 2 - Mediterranean conifers, 3 - Deciduous broadleaves, 4 - Evergreen broadleaves, 5 - Macaronesian conifers, 6
- Macaronesian broadleaves, 7 - Open woodlands, and 9 - Mixed conifer-broadleaf stands. Cycle 2: 2018-2020; Cycle 3: 2021-2024. Significance codes: *** p < 0.001,

**p < 0.01, *p <0.05 p<0.1, n.s. p> 0.1. Cond.: conditional.Marg.:marginal.

Gamma error distribution and log link function, included monitoring
time, forest types, and mean annual temperature as fixed effects, while a
random intercept for plot was incorporated to account for site-specific
heterogeneity in litter quality dynamics.

The model was based on 1838 observations across 620 plots, with the
following performance statistics: AICc = 15002, conditional R = 0.573,
and marginal R* = 0.299.

Analysis showed significant temporal shifts in litter quality. Relative
to the baseline period (2014-2017), the litter C/N ratio declined
significantly during 2018-2020 (Estimate = —0.069, p-value < 0.001)
and further during 2021-2024 (Estimate = —0.177, p-value < 0.001),
indicating a decrease in litter C/N ratio over time (Fig. 6, b). Forest type
was also a significant predictor of litter quality; specifically, broadleaves
forest types exhibited the strongest negative effect on C/N ratio, sug-
gesting higher nitrogen content compared to the reference forest type
(subalpine & Montane Conifers), Fig. 6, b.

Temperature had a significant and positive effect on C/N ratio (Es-
timate = 0.029, p-value < 0.001), indicating that warmer conditions are
associated with higher C/N ratio.

4. Discussion

This study highlights the complex interactions between environ-
mental variables and forest characteristics on litter biomass and quality
dynamics across Spain, spanning different bioregions and timeframes.
The significant effects of forest type indicate that litter dynamics are not
only a function of local climate conditions but are also strongly influ-
enced by forest characteristics such as species composition and stand
structure.

4.1. Bioregion, spatial effects and forest types

4.1.1. Litter biomass

The observed differences between bioregions align with previous
studies highlighting the influence of climate and forest composition on
litter biomass dynamics versus latitude (Berg et al., 1999; E, Andivia
et al., 2018; Liu et al., 2004). The Atlantic bioregion generally exhibited
higher litter stock values compared to the Mediterranean, Alpine and
Macaronesian regions, a pattern that reflects the diverse climatic con-
ditions, forest compositions, and spatial characteristics inherent to each
region.

In Atlantic regions, mixed conifer-broadleaf stands, followed by
Subalpine and montane conifer forests, exhibited the highest litter stock
values, particularly during the earlier cycles. This suggests that these

forest types, characterized by dense canopy cover, tend to accumulate
more litter probably due to the combination of favourable climatic
conditions and forest composition, with these areas being dominated by
more productive forest types, such as Pinus radiata D.Don, Pinus pinaster
Ait., and Eucalyptus spp. (Aguirre et al., 2022). This result aligns with a
study conducted in the United States, which found that
conifer-dominated stands generally had the highest mean estimated
litter stocks across the country (Domke et al., 2016). By contrast, open
woodland stands, particularly in the Mediterranean region, recorded the
lowest litter stocks, which in turn result from lower forest productivity
and growth rates (Gea-Izquierdo et al., 2009). This likely reflects the
more sparse vegetation and open canopy structure, which limits both
litterfall and litter accumulation (Blanco et al., 2009).

Mediterranean regions with drier, warmer climates exhibited lower
litter production, suggesting that harsher environmental conditions,
combined with the prevalence of open woodland and Mediterranean
conifer forests, contribute to reduced litter inputs (Aguirre et al., 2022;
Moreno-Fernandez et al., 2018). This spatial variation highlights the
critical role of regional climatic and geographic factors in shaping litter
dynamics across the Iberian Peninsula. Furthermore, the inclusion of a
random effect to account for site-level variability significantly improved
the performance of both models (litter stock and litter quality). In the
litter quality model, approximately 27.4 % of the explained variance
was attributable to differences intra-sites. In the litter stock model,
site-level variation accounted for 46.9 % of the total explained variance.
These results underscore the importance of incorporating random effects
in capturing spatial heterogeneity in litter dynamics.

4.1.2. Litter C/N ratio

In this study in the Mediterranean bioregion, Subalpine and Montane
conifer forests, as well as Mediterranean conifer forests, display higher
C/N values compared to the other forest types analyzed, suggesting
slower litter decomposition, which likely contributes to nitrogen
immobilization in these systems when mean C/N values are > 40, ac-
cording to Moore et al. (2006). In contrast, Subalpine and Montane
conifer forests in the Atlantic and Alpine bioregions, which show lower
C/N values (Fig. 5), the release of C would be favoured, indicating more
rapid decomposition rates and a more active nitrogen cycle (Moore,
Prescott.,2011). However, other authors have suggested that this critical
index varies widely depending on a wide variety of factors (Stohlgren,
2011), for example in conifers, critical C/N ratios ranging from 109 to
19 have been found (Berg, 1986; Edmonds, 1980).

In addition to the C/N ratio, the chemical composition of the litter
also influences its decomposition rate. Several studies have
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Fig. 6. Estimated coefficients (log-scale) and significance of variables for the average model of litter stocks (A) and the best model for litter C/N ratio (B).

demonstrated the critical role of water-soluble substances, lignin con-
tent and the lignin/N ratio in plant litter decomposition (Keerthika et al.,
2024; Taylor et al., 1989; Zhang et al., 2023). In general, high-quality
litter is associated with a higher concentration of soluble compounds
and initial nutrients concentration, lower lignin content, and a low lig-
nin/N ratio, these being characteristics which are more typical of litter
from broadleaf species (Bonanomi et al., 2023; Gholz et al., 2000; Moro
and Domingo, 2000; Rawat et al., 2020). This trend is reflected in the
higher mean C/N values observed in coniferous forests in the Mediter-
ranean bioregion (Fig. 5).

Several studies (Ahirwal et al., 2021; Joly et al., 2023; Neumann
et al., 2018) have highlighted the fact that the decomposition process is
also influenced by climate factors such as temperature and humidity.
The higher litter decomposition rates in the rainy season reflect the
favourable effect of precipitation on decomposition of the litter of
different species. Low soil moisture and low temperature in the winter

season, however, decrease the activity of decomposer organisms,
resulting in a slower rate of decomposition (Ge et al., 2022; Tripathi and
Singh, 1992; Zhou et al., 2018). For instance, moderate temperatures
and humidity, often present in the Atlantic bioregion, would favour the
biological activity of the soil and therefore would promote nitrogen
mineralization, thereby lowering the C/N ratio and facilitating nitrogen
availability, as can be observed in Fig. 5. Furthermore, forest produc-
tivity is higher in the Atlantic bioregion than in warmer areas such as the
Mediterranean (Moreno-Fernandez et al., 2018), which could poten-
tially imply larger aboveground biomass (Verkerk et al., 2019) in
Atlantic forests and larger litter inputs from the litterfall (Blanco et al.,
2009).

The Mediterranean bioregion is highly heterogeneous, encompassing
forests that grow under diverse climatic conditions. These range from
savanna-like forests in arid regions to high mountain forests with lower
water deficits (Moreno-Fernandez et al., 2020). This variability leads to
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differences in litter decomposition and accumulation rates. In addition,
specific factors within the Mediterranean bioregion—such as lower
precipitation, highly variable microclimatic conditions, litter composi-
tion, forest type, or management practices may be contributing to the
higher C/N ratios observed in some forest types (e.g., Subalpine and
Montane conifers and Mediterranean conifers in Fig. 5), which suggests
slower decomposition and nitrogen immobilization despite the climatic
conditions (Krishna and Mohan, 2017). This fact in Mediterranean
ecosystems could also be due to the ease with which the soil surface dries
during the only periods when water availability and temperatures are
sufficient to allow for higher decomposition rates (spring and fall) (Berg
et al., 1993).

In addition to the points mentioned above, to explain the variability
in the C/N ratio it is also necessary to consider, apart from the climate
and litter quality, the interactions between litter type and site condi-
tions, as some studies have suggested that decomposer communities
may be specialized in a specific type of litter characteristic of a given
ecosystem (Hunt et al., 1988; Shigyo et al., 2024).

4.2. Climatic, and biotic drivers. Litter stock and quality

At regional level, precipitation and temperature are key climatic
factors influencing ecological processes. Variations in litterfall are often
closely linked to these climate variables, with factors like temperature,
precipitation, and climate-related aspects such as latitude or altitude
playing a significant role in explaining litterfall patterns (Ahirwal et al.,
2021; Liu et al., 2004). In our study, precipitation showed a significant
positive effect on litter accumulation, with a higher relative importance
than temperature, highlighting its dominant role in controlling litter
stock. This finding aligns with the well-established role of moisture in
enhancing litterfall, as increased rainfall promotes canopy growth and,
consequently, litter production (Bou et al., 2015; Toledo et al., 2011).
Conversely, temperature more strongly influenced litter quality. Spe-
cifically, we observed an increase in litter C/N ratio with rising
temperatures.

However, when examining changes over time, we observed a pro-
gressive decrease in the litter C/N ratio from cycle 1 to cycle 3, driven by
a 4.2 % reduction in C concentration and an increase in 16.7 % N con-
centration from the first to third cycle. This temporal trend suggests an
overall improvement in litter quality and may reflect shifting nutrient
dynamics or environmental conditions beyond temperature alone, such
as atmospheric N deposition or changes in forest productivity. Beyond
climatic influences, leaf N content in Spanish forests is also modulated
by species composition and site-specific factors such as soil fertility
(Sardans and Penuelas, 2013). Consequently, the spatial variability
observed in litter C/N likely reflects complex interactions between
climate, vegetation composition, and edaphic factors.

Forest age emerged as a significant predictor of litter biomass, with
higher litter accumulation observed during the early maturity phase,
where rapid growth and high leaf production lead to increased litter
input. Subsequently, litter biomass declined notably as forests continue
to age, probably due to factors such as reduced tree density from natural
mortality and decreased leaf activity. This pattern aligns with general
forest dynamics, where litter production is highest in young to mid-aged
stands, then stabilizes during maturity, and eventually decreases in
older stands (Huang et al., 2011; Liu et al., 2024). In parallel, recent
research has shown that forest age is also a key driver of litter quality
variation, contributing substantially to the overall variation in Fagus
sylvatica L. leaf litter quality traits observed across European forests.
Together, these findings underscore the dual role of forest age in shaping
both the quantity and quality of litter inputs, with important implica-
tions for nutrient cycling, decomposition rates, and broader ecosystem
functioning throughout forest development (Trap et al., 2013).

However, it is important to note that the forest age variable used in
this study refers only to the age class of dominant trees in each plot,
which may not fully represent the structural complexity or age
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heterogeneity of the stand. A more detailed dataset capturing the full
age distribution of trees within each plot could provide a more detailed
understanding of the relationship between stand age and litter dy-
namics. Additionally, the analysis includes species with very different
life spans and rotations—some capable of living up to 400 years, while
others have a lifespan closer to 80—potentially influencing age-related
litter patterns in ways not captured by the current classification.
Furthermore, this study does not account for within-plot tree mortality
or the specific management practices that may affect stand develop-
ment, both of which could alter litter input over time. These limitations
should be considered when interpreting the observed effects of forest
age on litter production.

Canopy defoliation, represented as a percentage of biotic and abiotic
damage, reflects the extent of tree-crown foliage loss and serves as an
important indicator of tree and forest health (Ferretti et al., 2021),
potentially affected by a number of anthropogenic and natural factors
(Michel et al., 2023). Although this predictor was not included in the
average final model, it was considered in the full model (Eq.1) and re-
mains an ecologically relevant variable. Defoliation reduces the amount
of litter produced, probably due to reduced leaf production and canopy
cover. This is consistent with the understanding that defoliation caused
by biotic and abiotic stressors (such as pests, diseases, drought, or snow)
impairs the photosynthetic capacity, overall health, and productivity of
a tree (Ferretti et al., 2021; Pajtik et al., 2022).

The results obtained have important implications for forest man-
agement, particularly regarding the quantification and balance of C in
forest ecosystems. Litter accumulation represents an important fraction
of the C stored in these systems, making its detailed monitoring essential
for assessing C storage trends and understanding C fluxes across
different forest types. However, to achieve a comprehensive estimation
of C pools, it is also necessary to account for other tree components, such
as roots, stems, and branches.

In this context, forest management strategies aimed at climate
change adaptation—especially relevant in Mediterranean forests, where
summer drought is a key limiting factor—often promote stand density
reduction (Cabon et al., 2018). While this practice enhances resilience to
extreme climatic events, it may also reduce litter production per hectare,
thereby diminishing the forest’s C sink capacity. Therefore, evaluating
and analyzing trends in litter dynamics, as conducted in this study, is
crucial for properly assessing the effectiveness of adaptive forest man-
agement strategies.

4.3. Time component

The time component, composed of three completed cycles (spanning
from 2014 to 2024), significantly influences litter biomass and quality.
Both the second and third cycles show a substantial negative effect on
litter biomass and quality compared to cycle 1.

The observed moderate decline in litter biomass during cycle 2,
followed by a more pronounced reduction in cycle 3, indicates a
downward trend in litter input relative to the baseline period. This
pattern aligns with significant reductions in precipitation detected in the
Mediterranean bioregion between cycles 2 and 3 (p-value < 0.001), and
in the Atlantic bioregion between cycles 1 and 2 (p-value < 0.001), with
no significant changes in other bioregions. These findings are consistent
with broader climatic trends in Spain, where both reduced precipitation
and rising temperatures have been reported in recent years (Arellano
et al., 2025; Vicente-Serrano et al., 2017). Climatic variables, particu-
larly precipitation and temperature, are key drivers of canopy produc-
tivity and litterfall rates. Multiple studies demonstrate that reduced
precipitation can limit canopy productivity and decrease litterfall,
especially in water-limited forests (Breda et al., 2006; Gazol et al.,
2018).

Referent to litter quality, the litter C/N ratio declined significantly
from cycle 1 to cycle 3, indicating a progressive decrease over time. This
reduction in the C/N ratio reflects an improvement in litter quality, as
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lower C/N ratios are associated with higher N concentrations in the
remaining litter biomass (Sardans and Penuelas, 2013). The observed
decline in litter stock suggests reduced carbon inputs to the forest floor,
which may further increase the relative N content in the litter. This
aligns with the decreases in mean C percentage and increases in mean N
percentage observed across the cycles.

The results underscore the importance of temporal dynamics in litter
biomass and quality, captured by the time component of the model. The
findings also highlight the crucial role of forest monitoring in tracking
temporal patterns in litter production and quality, which can help
inform decisions related to nutrient cycling, C storage, and ecosystem
health.

An important consideration is that additional years of observation
would be necessary to confirm the trends identified, and a more inten-
sive sampling effort could help to reduce uncertainty and better capture
the variability in litter dynamics over time. Moreover, the number of
plots per forest type is imbalanced, which may influence the robustness,
representativeness and generalizability of the results. While formations
such as Mediterranean conifers (n = 148), subalpine and montane co-
nifers (n = 102), and evergreen broadleaves (n = 126) are well repre-
sented, other formations are underrepresented in terms of plot number.
Notably, the Macaronesian forest types are poorly represented, with
only 9 plots for Macaronesian conifers and just 2 plots for Macaronesian
broadleaves. This limited representation affects the robustness of the
results obtained for these specific ecosystems. Therefore, interpretations
for these formations should be undertaken with caution, and future
research should prioritize expanding sampling efforts in underrepre-
sented forest types to strengthen the reliability of the results.

5. Conclusions

The study provides statistical evidence of a decline in litter stocks
and litter C/N ratio over the past 11 years (2014-2024) although
additional years of observation would be necessary to confirm the
identified trend. Spatial variation in litter stocks and quality across
bioregions reflects not only the impact of forest composition but also the
broader geographic and climatic conditions unique to each region.
These results underscore the necessity to integrate spatial and ecological
variables in order to comprehensively understand the complexity of the
litter dynamic in forest ecosystems.

The Atlantic bioregion consistently exhibited the highest litter
stocks, especially in mixed conifer-broadleaf forests, while the Medi-
terranean region presented lower values and significant declines over
time. Subalpine and montane conifers, along with deciduous broadleaf
forests, exhibited notable reductions in litter stocks between the first and
third cycles. In contrast, lower overall litter stocks were recorded in the
Alpine bioregion, along with an absence of significant temporal changes.

Regional and forest-type differences in litter C/N ratios reveal
distinct ecological patterns. Coniferous-dominated stands tended to
maintain higher C/N ratios compared to broadleaf forests, with partic-
ularly elevated values in the Mediterranean region. The observed
reduction in C/N ratios over time indicates increasing litter nutrient
availability. This downward trend was especially pronounced in several
forest types within the Mediterranean, Alpine, and Atlantic bioregions,
pointing to region-specific shifts in litter decomposition dynamics and
nutrient cycling.

From a forest management perspective, the findings of this study
highlight the importance of monitoring litter accumulation, as it rep-
resents an important fraction of the C stored in forest ecosystems.
However, for an accurate assessment of the C balance, it is essential to
consider all tree components: roots, stems, branches, and litter. Incor-
porating these components into C accounting enables a more precise
understanding of forest C dynamics and helps identify potential imbal-
ances that may compromise the forest’s role as a C sink.

Understanding these temporal patterns is vital to interpret long-term
changes in ecosystem productivity and resilience. Further research is
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needed to disentangle the specific environmental, biotic, and anthro-
pogenic factors driving these patterns, as well as their implications for
forest dynamics and ecosystem services.
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