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Introduction

Downed dead wood (DDW), defined as wood detrital for-
est component (Woodall et al. 2019), plays an important 
role for nutrient availability in forest ecosystems for being 
involved in soil development and the biogeochemical 
dynamics of key elements, such as carbon (C), nitrogen (N) 
and phosphorous (P) (Strukelj et al. 2013; Rajala et al. 2015; 
van der Wal et al. 2015; Shannon et al. 2022). In addition, 
woody substrates are a key structural element of forests and 
act as reservoirs of C (IPCC 2003, and subsequent) and N 
in the medium to long term by improving hydrogeological 
efficiency and, ultimately, contributing to increase forest 
productivity and maintain biodiversity (Grove 2002; Stok-
land et al. 2012; Herrmann and Bauhus 2018). However, the 
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Dead wood is a key substrate of forests that plays an important role in fertility and productivity. However, dead wood 
is scarce in traditionally managed forests like Mediterranean dehesas. The chemical composition of downed dead wood 
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chemical composition of Q. pyrenaica dead wood decay processes under field conditions. The physical stage was a better 
predictor of the C/P ratio and polysaccharides proportion, while ergosterol better predicted P content and the N/P ratio. In 
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the temporal behaviour of the chemical composition of dead wood in Mediterranean areas. Moreover, we recommend 
using the FT-IR analysis to assess the nature of temporal chemical changes in downed dead wood. Finally, our study 
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dead wood decay processes in traditionally managed forests in the current global change scenario.
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abundance of this key forest structural component (DDW) 
decreases from unmanaged to managed forests, which 
adversely affects both system productivity and diversity 
(Keren and Diaci 2018; Parisi et al. 2018; Hmäläinen et al. 
2018; Öder et al. 2021).

In agrosilvopastoral systems like Spanish dehesas (also 
named montados in Portugal) [savanna-like open woodland 
landscapes resulting from long-term traditional forest man-
agement (Campos et al. 2013)], DDW on soil can form an 
important gap due to low tree density and the local popu-
lation’s uses (Micó et al. 2022). In this particular cultural 
landscape, DDW supply mainly comes from the senes-
cence process of old scattered trees, or from non-harvested 
pruning, and is normally used by local people as firewood 
(Moreno and Pulido 2009).

The importance of DDW quantity in forest productivity 
and diversity is widely documented (Økland et al. 1996; 
Siitonen 2001; Gossner et al. 2013; Hmäläinen et al. 2018; 
Seibold and Thorn 2018), but DDW quality also has a spe-
cial relevance (Abrego and Salcedo 2013). However, very 
few studies cover the chemistry of dead wood degradation 
in nature, especially in agrosilvopastoral systems where 
wood and its decomposition are key for maintaining ecosys-
tem services (Moreno and Pulido 2009; Micó et al. 2022).

Dead wood is primarily composed of polysaccharides 
and lignin, and is poor in N or P content (Pettersen 1984; 
Filipiak and Weiner 2014). It is noteworthy that P is one of 
the most limiting nutrients in virtually all natural ecosystem 
types (Du et al. 2020; Hou et al. 2020). Polysaccharides like 
celluloses or hemicelluloses are made up of different types 
of sugars linked by carbohydrates chains, which provide a 
profuse and easily available source of energy for saproxylic 
decomposers (Stokland et al. 2012; Ferro 2018). In contrast, 
lignin comprises more complex compounds and a few organ-
isms (e.g. white-rot fungi) that have the proper enzymes to 
degrade them (Eriksson et al. 1990; Ferro 2018). Therefore, 
depending on both the peculiarities of each decomposition 
process and the organisms involved in its decay, DDW qual-
ity can vary (Laiho and Prescott 2004; Strukelj et al. 2013). 
In addition, the chemical composition of wood also varies 
between tree species (Noll et al. 2016 Błońska et al. 2017; 
Jomura et al. 2022). Abiotic factors, such as humidity and 
temperature, in turn determine the speed of the decompo-
sition process (Woodall and Liknes 2008; Fravolini et al. 
2018). Moreover, biotic factors like the activity of saprox-
ylic organisms may also influence decomposition dynamics 
and determine dead wood quality (Purahong et al. 2022). 
Strukelj et al. (2013) found non-selective degradation of 
all chemical compounds in early decomposition stages. In 
more advanced stages, degradation was more selective to 
carbohydrates and lignin. In this way, the organic compo-
sition of dead wood (polysaccharides and lignin) and its 

inorganic composition (C, N and P, and their ratios), vary 
with the decomposition stage due to the balance between 
nutrient demand and supply promoted by the activity of 
wood-decomposing organisms (Lonsdale et al. 2008; Clin-
ton et al. 2009; Filipiak 2018).

Fungi are one of the major groups of decomposer organ-
isms across terrestrial ecosystems (Harmon et al. 1986; 
Stokland et al. 2012; Bani et al. 2018). Fungal activity has 
the potential to change the dead wood structure both chemi-
cally and physically (Pandey and Pitman 2003; Liers et al. 
2011); i.e., fungi are able to translocate soil elements by 
enhancing the nutritional composition of dead wood (Fili-
piak et al. 2016). Ergosterol content in dead wood is one 
of the most dependable and specific estimators of fungal 
activity (Seitz et al. 1979; Montgomery et al. 2000; Mille-
Lindblom et al. 2004), and can help to predict dead wood 
decomposition overtime to some extent (Větrovský et al. 
2011; Baldrian et al. 2016; Noll et al. 2016). The study of 
fungal activity and its relation to different wood decomposi-
tion stages under field conditions is especially relevant in 
the current climate change context of where the diversity of 
decomposing communities is threatened and could be even 
more altered as a consequence of the rapid changes that are 
taking place (Brennan et al. 2009; Walter et al. 2013).

Despite the importance of dead wood in nature, many 
studies about the decomposition dynamics of DDW have 
been carried out in boreal and temperate forests (Harmon 
et al. 1986; Siitonen 2001), with very little research to date 
on the composition and degradation of wood in Mediter-
ranean forests (Lombardi et al. 2013; Fravolini et al. 2016, 
2018) where climate change may acutely affect the decom-
position processes and biotic elements that act on them. 
Furthermore, knowledge about the quality of long-decaying 
woods like Quercus pyrenaica Willd, is scarce (Fernández 
de Simón et al. 2006).

In this study, we assessed DDW quantity and quality 
in dehesa-like Mediterranean Q. pyrenaica forests in the 
western Iberian Peninsula. We aimed to discern the relation 
among the physical decomposition stages, chemical compo-
sition and fungal activity (quantified as ergosterol content) 
in Q. pyrenaica DDW under natural conditions. Moreover, 
we aimed to test the influence of local environmental factors 
on DDW decomposition.

We assumed a small amount of DDW in traditionally 
dehesa-like managed forests, and that the proportion of dif-
ferent DDW decomposition stages is not balanced (Micó 
et al. 2022). We hypothesized that: (I) the distinct physical 
stages of dead wood decomposition differ in organic com-
pounds and elemental composition (Ferro 2018) which are 
also differentially affected by environmental factors (Sei-
bold et al. 2021); (II) the ergosterol content is a proxy of 
the chemical composition of DDW (Seibold et al. 2021; 
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Jomura et al. 2022) and provides complementary informa-
tion to that provided by physical decomposition; (III) the 
use of the FT-IR technique likely provides accurate results 
about polysaccharides and lignin decomposition (Sánchez 
et al. 2017) Assessing the decomposition process of dead 
wood with chemical composition and its relation to fungal 
activity under field conditions can help to better predict the 
ecosystem services provided by dead wood.

Materials and methods

Study area and sample collection

The study was carried out in the southern part of the province 
of Salamanca, Spain (Fig. 1). The study area is one of the 
largest continuous areas of Quercus pyrenaica Willd. forests 
in the Iberian Peninsula (174,236 ha). It includes three sub-
areas with different degrees of protection: the El Rebollar 
Natural Area (40°22′55″N 6°37′34″W) (R: first replicate or 
forest unit); the Sierra de las Quilamas Natural Area and 
the Batuecas-Sierra de Francia Natural Park (F + Q: second 
replicate) (40°33′37″N 5°59′10″W); the Sierra de Béjar 
UNESCO Biosphere Reserve (40°30′46″N 5°52′30″W) 
(B: third replicate) (Fig. 1). The dominant tree species is 
Q. pyrenaica, whereas the undergrowth includes heteroge-
neous combinations of shrubs species, such as Genista spp., 
Cytisus spp., Cistus spp., Erica spp., Pteridium aquilinum 

(L.) Kuhn in Kersten and Crataegus monogyna Jacq., as the 
most representative ones. The predominant climate is con-
tinental Mediterranean, with dry summers and wet and cool 
winters (Blondel and Aronson 1999). The mean annual rain-
fall is about 1,000 mm (Oliver-Moscardó and Luis-Calabuig 
1979; García-Rodriguez et al. 1984; Llamas et al. 2011).

Thirteen sampling sites (Fig. 1; Table 1) ranging from 
600 to 1100 m a.s.l. were selected to represent the hetero-
geneity of old managed Q. pyrenaica forests in the stud-
ied areas, in which the mean trunk diameter was always 
greater than 20 cm. The selected sites involve some kinds 
of traditional management practices (extensive livestock, 
grazing tree pollarding, firewood collection or forest thin-
ning) to different degrees, or have been managed in the past. 
Consequently, forest structure differs in tree density and 
DDW availability among sites, from dehesas with fewer 
than 20 trees per hectare to others with 300 trees per hectare 
(Table 1) (Micó et al. 2022). Similar site heterogeneity was 
considered in each area.

Environmental characterisation and dead wood 
selection

We quantified tree density, DDW volume and abiotic factors 
(air temperature and humidity) per sampling site. Tree den-
sity affects not only the supply of types and volume of DDW, 
but also insolation conditions, and the diversity and activity 
of wood-dependent insects involved in the decomposition 

Fig. 1 Location of the sampling areas (R: El Rebollar Natural Area; Q: Las Quilamas Natural Area + F: Batuecas-Sierra de Francia Natural Park; 
B: Sierra de Béjar Biosphere Reserve) and sites (1 to 13) in the Spanish province of Salamanca
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stages and relating them to fungal activity through ergos-
terol content (Young 1995; Jomura et al. 2022). To do so, 
we examined the chemistry of dead wood by analysing 
variation in elemental composition (C, N and P, and their 
ratios), and the changes produced in organic compounds 
(polysaccharides and lignin) by Fourier-Transform Infra-
red (FT-IR) spectroscopy. This technique has been used to 
monitor chemical changes in living wood (see Martín et al. 
2005; Conrad et al. 2014), but there are very few reports 
of its application to analyse decaying dead wood in nature 
(Sánchez et al. 2017).

For chemical analyses, a portion of all the 76 sawdust 
samples (see above) was ground and dried at 60ºC. C and N 
were analysed by a combustion procedure in a Carlo Erba 
CHNS-O EA1108 elemental analyser, while P was deter-
mined by phospho-molybdovanadate colorimetry at 460 nm 
using a JASCO V-630 spectrophotometer (Kitson and Mel-
lon 1944).

The thermogravimetric analysis was carried out on a 
Mettler Toledo TGA/SDTA851e/SF/1100 to determine the 
primary and secondary thermal decompositions of macro-
molecules (lignin and polysaccharides). A linear heating 
rate of 10ºC min-1 within the 25–600ºC temperature range 
was performed for the thermal tests (Peuravuori et al. 1999). 
Infrared spectroscopy was used to determine lignin and 
polysaccharides decomposition (Pandey and Pitman 2003). 
The infrared spectra for the Q. pyrenaica DDW samples 
defined in the region from 1,860 to 780 cm-1 were recorded 
with a Bruker IFS 66 FT-IR spectrophotometer by means 
of direct measurement with ATR units within the 4,000-
600 cm-1 range. The FT-IR spectra were baseline-corrected 
and normalised. This allows to make comparisons of the 
intensities of the bands of different spectra. Band heights 
were measured from a baseline established in the fingerprint 
region of wood from 1,860 to 780 cm-1 (Fackler et al. 2007; 
Sánchez et al. 2017) (Fig. 2).

Ergosterol content, which is widely considered a surro-
gate of fungal activity (Gessner et al. 1991; Gessner and 
Schmitt 1996; Ruzicka et al. 2000), was estimated by the 
microwave-assisted ergosterol extraction (MAE) method 
adapted from Young (1995). Samples were previously 
lyophilised and ground in liquid N2, followed by the sus-
pension of 150 mg of samples in 2 mL of methanol and 
0.5 mL 2 M sodium hydroxide. Tubes were tightly sealed 
with a Teflon-lined screw inside a plastic bottle and heated 
in a consumer microwave at 450 W for 20 s. Once cooled, 
the suspension was neutralised with 1 mL of 1 M aqueous 
hydrochloric acid and extracted with hexane (3 x ca. 2 mL). 
The solution was mixed for 120 s by a manual vortex and the 
hexane fraction was dried by evaporation. The residue was 
dissolved in 2 mL methanol and ergosterol was quantified by 
high performance liquid chromatography (HPLC) inside a 

process through wood fragmentation and symbiotic rela-
tionships with fungi and microorganisms (Sverdrup-Thy-
geson and Birkemoe 2009; Horák 2017; Micó et al. 2022). 
In addition, the mean air temperature and humidity can also 
directly and indirectly affect the provision of ecosystem ser-
vices in forests related to nutrient cycling (Morán-Ordóñez 
et al. 2021; Micó et al. 2022).

To quantify such variables in the study area, based on 
methodology proposed by Micó et al. (2022), at all 13 sam-
pling sites three plots of an 18 m-radio, placing them 20 to 
113 m (mean = 58 m) away from one another, were estab-
lished. Each plot was established around a tree on which 
a HOBO U23 Pro v2 Temperature/Relative Humidity Data 
Logger with a U23-001 sensor was attached to the trunk at 
about two meters high above the ground. They were pro-
grammed to record temperature and RH values every 8 h 
from a whole year (March 2017 to March 2018). The tree 
density of each plot was estimated as the total number of 
trees, expressed as the number of trees per ha (Table 1). 
DDW amount per plot was calculated as the total volume 
(dm3) of fallen dead wood (all pieces ≥ 7 cm diameter were 
included) (Öder et al. 2021). The DDW data were extrapo-
lated to obtain values per hectare (Table 1). All the site-level 
variables were the result of averaging the three plot values 
per site.

For chemical analyses, five to eleven dead wood pieces 
(always ≥ 7 cm diameter) were selected from each sampling 
site (except sampling site 2, which lacked DDW). Each 
DDW piece was classified into one of three physical decom-
position stages (Table 1) depending on the wood hardness 
and bark adherence combination as so: 1 – hard stage: 
hard wood impenetrable with a knife and intact bark; 2 – 
medium stage: wood penetrable to a few centimetres with 
a knife and partly present bark; 3 – soft stage: soft wood 
completely penetrable with a knife without resistance and 
loose bark (Franc et al. 2007; Baldrian et al. 2016; García-
López et al. 2016). In no case was more than one decaying 
stage established for the same selected DDW piece. Alto-
gether, 76 DDW pieces were selected at the 12 possible sites 
(Table 1). From each selected DDW piece, sawdust samples 
were collected using an electric drill (DeWalt® DCD995P2) 
with an 8-mm diameter auger, which was sterilised with a 
blowtorch flame after drilling any DDW to avoid fungal 
contamination. Four to seven perforations were made along 
each piece. The sawdust samples of each piece were taken 
from the field in April 2017 and stored in plastic bags under 
freezing and dark conditions until analyses were performed.

Chemical composition and ergosterol analysis

We analysed the decomposition processes of Q. pyrenaica 
DDW in nature by chemically characterising decomposition 
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al. 2015), package emmeans (Lenth et al. 2022) and pack-
age adegenet (Jombart et al. 2008) were used to perform 
GLMMs, post hoc tests and DAPCs, respectively.

Lastly, we performed univariate general or generalised 
linear models (GLMs) to test the effects of the site environ-
mental variables (total DDW, tree density, mean tempera-
ture and relative humidity) on the elemental and organic 
compound composition variables according to the physical 
decomposition stages. GLMs were performed using pack-
age lme4 following the same error distribution fitting as in 
GLMMs.

Results

Downed dead wood quantity and characterisation 
of the physical decomposition stages

The dead wood in the study areas ranged from 0 to 18 
m3/ha (medium values were around 3 m3/ha) (Table 1). The 
distribution of the physical decomposition stages was not 
homogeneous throughout the study areas, and the mean 
composition skewed towards the hard physical stages at all 
the 12 sampling sites.

The physical decomposition stage of DDW influenced 
P content and the C/P ratio, which were higher and lower, 
respectively, in the most advanced decomposition stage 
compared to the most preliminary one (Table 2; Fig. 3). 

Poroshell 120 EC-C18 (3.0 × 50 mm − 2.7 Micron) column 
and eluted with methanol (0.5 mL min-1, 20ºC). Ergosterol 
was detected at 282 nm and was estimated by a comparison 
to a standard curve of pure ergosterol (purity > 95%, Sigma-
Aldrich) (Pascoal et al. 2010).

Statistical analyses

We used the statistical program R version 4.2.0 for the anal-
yses (R Core Team 2021). We firstly performed univariate 
general (or generalised when error distribution was non-
normal) linear mixed models (GLMMs) to test the effects 
of physical decomposition stage (hard, medium or soft) and 
ergosterol content on the different chemical variables: ele-
mental composition and thermogravimetric and FT-IR data. 
Area of origin was included in GLMMs as a random factor. 
GLMMs were firstly performed with each predictor variable 
separately, and later in combination, to discern any potential 
interactions between both predictor variables. The goodness 
of fit of the different models was based on Akaike’s infor-
mation criterion (AIC). When the physical decomposition 
stage effect was significant, we made Tukey’s HSD pairwise 
post hoc comparisons to determine significant differences 
between physical stages. In addition to GLMMs, the mul-
tivariate method discriminant analysis of principal compo-
nents (DAPC) was utilised to explore the clustering patterns 
of the different analysed chemical variables according to 
the physical decomposition stages. Package lme4 (Bates et 

Fig. 2 FT-IR spectrum of a Quercus pyrenaica downed dead wood 
(DDW) sample defined in the region from 1,860 to 780 cm-1 (fin-
gerprint). Intensities of bands are associated with lignin [5, 6 (C = C 
of aromatic skeletal)], polysaccharides [3 (unconjugated C = O in 
xylans), 9, 13 (C–O–C vibration in cellulose and hemicellulose) and 
17 (C–H deformation in cellulose)], and with different groups of lignin 

and polysaccharides [7, 8 (C–H deformation in lignin and carbohy-
drates), 10 (C–H vibration in cellulose and C1–O vibration in syrigyl 
derivates), 12 (syringyl ring and C–O stretch in lignin and xylan), 14 
and 16 (C–O and C–C stretching ring in cellulose and hemicelluloses)] 
(Mononen et al. 2005; Pandey et al. 2003; Popescu et al. 2007, 2010)
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(corresponding to celluloses and hemicelluloses) was higher 
in the soft stage than the hard stage.

When the DAPC clustering patterns of the elemental 
composition and thermogravimetric and FT-IR data were 
analysed according to the physical decomposition stage, 
the elemental composition and thermogravimetric data gave 
similar results. Soft DDW only was slightly different from 
the hard and medium stages, which were, in turn, similar 
(Fig. 4). The FT-IR data indicated more delimited clusters 
according to the physical stage.

Ergosterol content and effect on DDW chemical 
composition

The ergosterol content in the Q. pyrenaica DDW 
(mean ± SD = 47.42 ± 45.33, range: 2 to 266 µg g− 1) showed 
significant differences in the physical decomposition stages, 

In contrast, C and N contents were not influenced by the 
decomposition physical stage, whereas the C/N and N/P 
ratios were only marginally affected (Table 2; Online 
Resource 1). The polysaccharides proportion was higher in 
the soft stage than in the hard and medium ones, while the 
lignin proportion was lower in the soft stage than in the hard 
stage (Table 2; Fig. 3).

Regarding the FR-IR data, the relative intensities of four 
groups of polysaccharides and lignin compounds showed 
significant differences among the physical decomposi-
tion stages. The relative content of polysaccharides I3 and 
I17 (assigned to hemicellulose and cellulose, respectively) 
was lower in the soft stage than in the hard and medium 
stages (Table 2; Fig. 3). Conversely, I8 content (allocated 
to lignin and carbohydrates) was higher in the soft stage 
compared to the hard and medium stages, while I16 content 

Fig. 3 Boxplots (mean ± SD) 
of the physical decomposition 
stage effect on fungal activity 
(ergosterol content), elemental 
composition (P content, C/P 
ratio) and organic compound 
composition (polysaccharides 
and lignin content), and on spe-
cific groups of polysaccharides 
and lignin compounds (I3, I8, 
I16 and I17) of the Q. pyrenaica 
downed dead wood (DDW). Dif-
ferent uppercase letters indicate 
significant post hoc differences 
(p < 0.05) based on the GLMM 
results, tested using Tukey’s HSD 
pairwise comparisons
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and decreased in relation to ergosterol content. I3, I8, I16 
and I17 increased or decreased in relation to ergosterol simi-
larly to that observed for the physical decomposition stage 
(Table 2; Fig. 5).

and was the highest in the soft stage (Table 2; Fig. 3). P con-
tent increased as ergosterol content rose, while the C/P, C/N 
and N/P ratios lowered with increasing ergosterol content 
(Table 2; Fig. 5). Similar patterns were found for polysac-
charides and lignin content, which respectively increased 

Fig. 5 Linear regressions of the 
variables significantly influ-
enced by ergosterol content in 
the Quercus pyrenaica downed 
dead wood (DDW) based on the 
GLMM results. The variables 
related to elemental composition 
(P content, and C/N, C/P and N/P 
ratios), organic compound com-
position (proportion of polysac-
charides and lignin) and specific 
groups of polysaccharides and 
lignin compounds (I3, I8, I16 and 
I17), are shown

 

Fig. 4 Clustering patterns based on the discriminant analysis of prin-
cipal components (DAPC) of the physical decomposition stage (h – 
hard, m – medium, s – soft) according to the Q. pyrenaica downed 
dead wood (DDW) elemental composition, and the thermogravimetric 

and FT-IR data. Data are centred and scaled. On the upper and right 
sides of each DAPC, the contributions of each variable to the dis-
criminant function axes are shown, but for FT-IR, only those variables 
(compounds) that significantly contributed to each axis appear

 

1 3



European Journal of Forest Research

with lignin degradation was observed, but mainly in the 
hard physical stage (Online Resource 2; Fig. 6).

Effect of local scale environmental factors on DDW 
chemical composition

The 12 sites from which DDW was collected were het-
erogeneous to one another, and such heterogeneity was 
reproduced at each of the three sampling areas. However, 
sampling areas differed in relative humidity terms, and were 
moister those from El Rebollar (F2,9 = 10.04, p = 0.005, 
Table 1). Site environmental variables had no significant 
effects on DDW sample composition when the physical 
decomposition stage was not considered. C content margin-
ally decreased with mean relative humidity (F1,74 = 3.64, 
p = 0.06) and polysaccharides content marginally increased 
with tree density (F1,74 = 2.91, p = 0.09).

When the physical decomposition stage was considered, 
several relations were observed between environmental 

Physical decomposition stage and ergosterol content 
were predictors of Q. pyrenaica chemical composition, but 
were not completely collinear. Based on ∆AIC, the physi-
cal decomposition stage was a better predictor of the C/P 
ratio and polysaccharides content, while ergosterol better 
predicted P content and the N/P ratio (Table 2). Considering 
both variables simultaneously improved the goodness of fit 
of some models (e.g. C/P ratio; Online Resource 2). When 
both variables were considered jointly in GLMMs, changes 
in P, C/P, N/P and I17 were mainly due to ergosterol con-
tent, which were consistently related to the response vari-
able regardless of physical condition, whereas, for example, 
variations in I16 were better predicted by the physical stage. 
In other cases (e.g. lignin, I5 and I7), the relation between 
ergosterol and the response variable varied depending on 
the physical decomposition stage (Online Resource 2; 
Fig. 6). By way of example, when ergosterol was low, the 
physical stage did not matter for lignin, whose values were 
always high. With increasing ergosterol content, a relation 

Fig. 6 Projections of variation in elemental composition (P content, 
C/P and N/P ratios), organic compound composition (proportion of 
polysaccharides and lignin) and specific groups of polysaccharides 

and lignin compounds (I3, I5, I7, I8, I13, I16 and I17) of the Q. pyrenaica 
downed dead wood (DDW) based on the joint consideration of the 
physical decomposition stage and ergosterol content
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and marginally increased polysaccharides content (F1,11 = 
4.16, p = 0.06) in the most advanced decomposition stage 
(Fig. 7). Mean temperature only affected the soft stage com-
position by marginally lowering P (χ2 = 3.58, p = 0.06) and 
polysaccharides contents (F1,11 = 4.57, p = 0.05), increas-
ing lignin content (F1,11 = 9.42, p = 0.010), and marginally 
increasing the C/P ratio (F1,11 = 3.78, p = 0.07) (Fig. 7). 

variables and DDW chemical composition. Total DDW low-
ered C (F1,39 = 6.89, p = 0.012) and P (χ2 = 4.78, p = 0.028) 
contents in the least advanced (hard) decomposition stage 
(Fig. 7). Tree density lowered ergosterol content (χ2 = 5.93, 
p = 0.014) in the least advanced decomposition stage, 
increased the N/P ratio (χ2 = 5.05, p = 0.024) and lignin con-
tent (F1,20 = 4.88, p = 0.038) in the medium advanced one 

Fig. 7 Linear regressions of the 
Quercus pyrenaica downed dead 
wood (DDW) elemental compo-
sition (C and P content, C/P and 
N/P ratios), organic compound 
composition (polysaccharides 
and lignin content) and ergosterol 
content variables per physical 
decomposition stage influenced 
by site environmental variables 
(total DDW, tree density, mean 
temperature and mean relative 
humidity)
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that is poor in C and rich in N and P (Micó et al. 2011), 
which could also lead to a lower C/P ratio, combined with 
CO2 losses by respiration (Boddy and Watkinson 1995; Fili-
piak and Weiner 2014). However, our results showed that 
the decomposition stage only marginally affected the C/N 
and N/P ratios (Table 2; Online Resource 1), with lower 
values in soft DDW that are presumably due to C loss and 
increased N. The lower C/N ratio is a rough indicator of 
changes in organic matter decomposability, and support the 
evidence for different decomposition rates among decay 
classes (Weedan et al. 2009; Strukelj et al. 2013; Pastorelli 
et al. 2021). In addition to changes in elemental composi-
tion, the assessment of organic compounds in each decom-
position stage provided valuable information about the 
nutrient availability of dead wood under natural conditions 
for decomposers. The Quercus pyrenaica DDW is known to 
be a richer woody substrate in polysaccharides than in lignin 
(Micó et al. 2011; Sánchez et al. 2017), as reported here. With 
this study, we revealed that the overall dead wood organic 
composition is also driven by the physical decomposition 
stage (as in Strukelj et al. 2013). A higher polysaccharides 
proportion was found in the soft DDW than in the hard and 
medium stages, and the soft DDW also presented a lower 
proportion of lignin than the hard DDW, which likely indi-
cates lesser polysaccharide degradation versus lignin. This 
means that the most advanced decomposition stages may 
proportionally offer more easily degradable compounds to 
saproxylic organisms, such as celluloses and hemicelluloses 
(Spaccini and Piccolo 2009).

Saproxylic fungi (especially white rot and brown rot) are 
presumably the primary agents of dead wood decomposi-
tion (Boddy 2000; Liers et al. 2011; Crowther and Bradford 
2013; Arnstadt et al. 2016). They degrade cellulose and lig-
nin, and remove hemicellulose from wood during decompo-
sition (Strukelj et al. 2013; Hu et al. 2021). So their action 
should explain most of the changes found in polysaccha-
rides and lignin across physical stages. Saproxylic insects 
and bacteria may contribute to the degradation of less com-
plex organic molecules (celluloses and hemicelluloses), but 
lignin degradation is driven mostly by fungal communities. 
In line with this, the selective action of fungi on lignin can 
explain the proportional increase in polysaccharides with 
ergosterol content (as a proxy of fungal activity) (Fig. 5). 
By depicting the macromolecule identity of each decompo-
sition stage, we found that ergosterol content was positively 
related to relative I16 intensity (Figs. 2 and 5). This band 
corresponded to the highest peak of the Q. pyrenaica spec-
trum produced by the presence of C-O and C-C of cellulose 
and hemicellulose (Popescu et al. 2010). The increase in this 
band might reflect the general relative rise in polysaccha-
rides in detriment to lignin, which also likely occurred with 
I8. Conversely, I16 (cellulose and hemicellulose) seemed to 

Mean relative humidity had an effect on not only the com-
position of the medium decomposition stage by increasing 
the N/P ratio (χ2 = 5.37, p = 0.020) and lowering ergosterol 
content (χ2 = 5.50, p = 0.018), but also on the composition 
of advanced decomposition stage by increasing P (χ2 = 7.70, 
p = 0.005) and polysaccharides (F1,11 = 17.29, p = 0.001) 
contents, and by lowering lignin content (F1,11 = 6.23, 
p = 0.029) (Fig. 7).

Discussion

Despite the maturity and relatively high productivity of the 
studied forests (mean tree diameter > 20 cm) (Micó et al. 
2021), dehesa-like Q. pyrenaica forests show smaller mean 
DDW volumes on the ground than those recommended for 
maintaining an adequate diversity of saproxylic organisms 
(Micó et al. 2022). In light of this, both the total dead wood 
volume on the ground and saproxylic organisms’ diversity 
are necessary to ensure correct nutrients flow in forest eco-
systems (Hämäläinen et al. 2018; Přívětivý et al. 2018). The 
study of the dead wood decay in dehesa-like Q. pyrenaica 
forests evidenced differences in both inorganic and organic 
compositions that depended on fungal action and local envi-
ronmental factors to different extents.

Physical decomposition stage and ergosterol 
content predict the chemical composition of Q. 
Pyrenaica

The physical decomposition stage of the Q. pyrenaica 
DDW predicted changes in chemical composition, such as 
P content and the C/P ratio (the highest and lowest values, 
respectively, were obtained in the most advanced decom-
position stage) (Table 2; Fig. 3). The loss of mass resulting 
from the decomposition process may be more than enough 
to justify the increased P content (Herrmann and Bauhus 
2018), although the biotic action of saproxylic organ-
isms can also contribute to a real increase of P in DDW in 
advanced decomposition stages. Indeed certain saproxylic 
fungi can translocate nutrients, such as P and N, from exter-
nal sources, which would explain P enrichment as wood 
decomposition progresses (Lonsdale et al. 2008; Clinton et 
al. 2009). In this way, ergosterol content (surrogate of fun-
gal activity) was also predicted by the decomposition stage, 
and was higher in the last stage, as previously reported by 
Jomura et al. (2022) and Seibold et al. (2022). In addition, 
microorganisms and insects can affect the wood degradation 
process (Ulyshen 2016). For example, the effect of insects 
may account for 29% of the carbon flux from dead wood 
(Siebold et al. 2021). Moreover, some saproxylic beetle lar-
vae can chemically modify dead wood by producing residue 
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the C/P ratio and lignin. Relative humidity, in turn, increased 
P and polysaccharides, but decreased lignin. Saproxylic 
organisms, including fungi, depend not only on the avail-
ability of woody resources, but also on the moisture content 
of dead wood (Cornelissen et al. 2012; Fukasawa and Mat-
suoka 2015). Unlike what occurs in tropical and subtropical 
areas, where combined high air temperatures and high rela-
tive humidity favour dead wood decomposition (Pietsch et 
al. 2019), in dehesa-like forests, as in most Mediterranean 
ecosystems, high temperatures generally entail low mois-
ture and slow down organic matter decay (Fravolini et al. 
2018). So although several studies support positive effects 
of increasing mean air temperatures on nutrient turnover 
through wood decomposition (Pietsch et al. 2019; Seibold 
et al. 2022), our results suggest that increasing global tem-
peratures and decreasing precipitation in the Mediterranean 
region as a result of climate change (Lozano-García et al. 
2017) may jeopardise dead wood decomposition processes, 
especially in agricultural and cultural landscapes like dehesa 
forests, which are characterised by scattered trees (high can-
opy openness) and low dead wood inputs.

Conclusions

We conclude that physical decomposition stage and ergos-
terol content as a proxy of decay length and fungal activity 
can, respectively, help to understand the temporal behaviour 
of the dead wood chemical composition in Mediterranean 
areas, and both are closely related, but not completely col-
linear. We recommend using FT-IR analyses to better assess 
the nature of the temporal chemical changes of DDW. Addi-
tionally, environmental factors, such as temperature and 
humidity, should be taken as potential modulators of dead 
wood degradation to make better quality predictions of dead 
wood ecosystem services in managed forests in today’s 
global change scenery.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s10342-
024-01672-2.
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be better predicted by the physical stage than by ergosterol 
(Fig. 6). The behaviour of bands, such as I3 and I17 (see 
Fig. 5), in turn reflects the possible action of some fungi kind 
on xylans (I3), as well as other hemicelluloses and celluloses 
(I17), because different fungal families exhibit distinct enzy-
matic activity (Hoppe et al. 2016). Overall, employing FT-IR 
data provided more properly delimited clusters according to 
the physical decomposition stage than inorganic and organic 
contents (Fig. 4) and, thus, serves as a helpful tool to bet-
ter understand the nature of chemical changes. However, 
specific studies addressing the complexity and interactive 
effects of biotic factors under field conditions, as well as 
the possible relation between fungal composition and dead 
wood chemistry, are necessary to fully understand wood 
decay processes in forest ecosystems.

Physical decomposition stage and ergosterol content 
were predictors of Q. pyrenaica DDW chemical composi-
tion under field conditions, but they were not completely 
collinear (Fig. 6). Ergosterol content was by far the best pre-
dictor of the P-related variables. Regarding molecule com-
position, one noteworthy aspect of this work was that the 
interactive effects between the ergosterol content and deg-
radation of some molecules varied across physical decom-
position stages. This was the case of the relation between 
ergosterol with lignin and I7, which reinforced the differen-
tial involvement of fungi in the chemical transformation of 
dead wood during the decomposition process, along with 
the digestion, translocation and retention of nutrients in 
dehesa-like forest habitats.

Local environmental factors may differentially 
affect each decomposition stage

Local environmental factors are known to affect dead wood 
decomposition both directly [i.e. weather conditions (Fra-
volini et al. 2018)] and indirectly [by driving saproxylic 
organisms diversity (i.e. amount of dead wood) or affecting 
microclimatic conditions (i.e. forest openness) (Sverdrup-
Thygeson and Birkemoe 2009; Horák 2017)]. In the studied 
Mediterranean region, environmental local factors showed 
contrasting effects on the chemical composition across the 
different decomposition stages of Q. pyrenaica DDW. For-
est structure (i.e., total DDW volume, tree density) was the 
main determining factor of the chemical composition of 
DDW in the earlier decomposition stage (note that these 
variables can affect indirectly DDW decomposition by, for 
example, driving saproxylic organisms diversity) whereas 
abiotic factors (mean air temperatures and relative humid-
ity) better determined the chemical composition in the 
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