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Key Message: The use of structural diversity indices can be efficient tools to increase
understanding of changes in soil carbon storage as a key ecosystem function along the oak

dieback intensi

Taxonomic and structural diversity indices predict soil carbon storage better than

functional diversity indices along a dieback intensity gradient in semi-arid oak forests

Abstract
Investigating the relationships between diversity indices and ecosystem functions within the
mass-ratio and niche complementary hypotheses is still a challenging issue in terrestrial
ecology. These relationships have not been studied along a dieback gradient of disturbance in
semiarid forest ecosystems. To fill this gap, we investigated the relationships between a main
ecosystem function -soil carbon storage- and various diversity indices along a dieback intensity

gradient (no, low, moderate or high dieback intensity) in protected or intensively managed
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mixed oak forests in western Iran. We used different diversity approaches and calculated the
functional divergence index (FDvar), community weighted mean trait values; CWM, taxonomic
diversity indices (richness, Shannon—Wiener diversity and evenness) and structural diversity
indices (MI: mingling index, HD: height differentiation, DD: diameter differentiation). Soil
carbon storage was significantly influenced by the type of management, the intensity of dieback
and their interactions and was higher in the protected areas (95.90 = 4.62 ton ha™!) than in the
intensively managed areas (76.52 + 2.04 ton ha™"). It showed a humped-shaped pattern along
the dieback intensity gradient in the protected areas, as it peaked at the low dieback intensity
(122.47 £ 10.12 ton ha-1), indicating that soil function was maximized at a low disturbance
level. Soil carbon storage was positively and significantly correlated with all structural and
taxonomic diversity indices, except for evenness, but negatively with most functional
composition indices (CWM of LNC: leaf nitrogen concentration, H: mean of woody species
height and LDMC: leaf dry-matter content). It was best predicted by a structural index
(Mingling index: R?>=0.214) followed by a taxonomic index (species richness, R>=0.173) and a
CWM index (CWM LDMC, R?=0.158). Our results emphasize the role played by the diversity
indices to predict ecosystem functions in contrasted management conditions and along a
dieback gradient. They also provide evidence to support both the mass-ratio and niche
complementary hypotheses.

Keywords: Ecosystem function, forest management, biodiversity, woody species.
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Introduction

Forest vegetation and soils are major reservoirs of carbon storage which make forests the largest
carbon sink in terrestrial ecosystems (Schimel et al., 2001; Zhang et al., 2019; Jhariya, 2017; Qiu
et al., 2020) and major contributors in buffering climate change (Aishan et al., 2018; Gordon et
al., 2018; Klemm et al., 2020). Forest ecosystems, as atmospheric carbon dioxide filters, have a
high potential for storing carbon in wood and other organic matter (Watson et al., 2000) and
therefore play an important role in stabilizing the global carbon cycle contributing to the climate
stability and preventing global warming (Zhu et al., 2010). However, the amount of carbon stored
in soils is about four times the amount of carbon stored in the biomass and 3.3 times the amount
of carbon in the atmosphere (Lal, 2004). Therefore, any change in the environmental conditions
of the forest ecosystem or in management measures can significantly influence soil carbon and
biomass storage and more globally the overall ecosystem carbon flow and atmospheric carbon
dioxide content (Han et al., 2008; Brahma et al., 2018; Marques et al., 2019; Ghosh et al., 2020).
Limiting the increase in atmospheric carbon is not just a matter of reducing its emission, and
methods favoring the carbon storage in the vegetation and subsoil can also represent cost-
effective, simple and practical methods (Richards and Stokes, 2004; Cho et al., 2019). In
particular, the protection and restoration of forest areas can play a key role in balancing the carbon
cycle as vegetation degradation can reduce carbon storage and increase carbon dioxide emissions.
Carbon sequestration potential in forested areas is affected by plant species, climate, and the way
biomass is managed, exploited, and used (Singh et al., 2003; Ruiz-Peinado et al., 2017). For
example, the capacity of woody plants for carbon sequestration is species-dependent (Thomas et
al., 2007). In fact, carbon allocation in the different organs of the woody species is a key factor in
the carbon cycle since they have different lifespan and decomposition rates (Pilli et al., 2012).
Besides, human actions or natural events leading to site degradation are also crucial factors altering
carbon storage of the ecosystem (Ahmad et al., 2018). This applies particularly to large forest
dieback.

Indeed, in the last two decades, a widespread phenomenon named tree dieback has been reported
in many forest ecosystems over the world (Ibafiez et al., 2017; Ogaya et al., 2020; Sanchez-
Salguero and Camarero, 2020). This phenomenon occurred with different intensities in western
forests of Iran and affected several major tree species including the Persian oak (Quercus brantii

Lindl.) (Karami et al., 2018; Shiravand and Hosseini, 2020). In general, this forest decline is
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attributed to climatic factors and particularly long and recurrent periods of drought but habitat
destruction, pests and diseases, as well as non-adaptive management can cause or exacerbate this
phenomenon (Kamata et al., 2002; Touhami et al., 2019; Hevia et al., 2019).

However, the effect of site degradation and non-adaptive forest management on the severity of this
phenomenon has not received much attention (Haller and Wimberly, 2020). According to the
intensity of the dieback, a more or less significant part of the plant decays and disappears, which
can lead to the gradual elimination of some plant species and modify the species composition and
diversity of the ecosystem (Koepke et al., 2010; Nagel et al., 2019). Numerous studies have
examined the effects of disturbances (in particular drought) on tree growth and C storage
(Brouwers et al., 2013; Avila et al., 2016; Takahashi et al., 2020), but the effects of different
dieback intensities under contrasted management regimes have been more rarely studied.

Among the main factors affecting the carbon storage of land ecosystems species diversity plays a
crucial role (Steinbeiss et al., 2008; Sintayehu et al., 2020). Diversity usually includes the number
of species (richness) and their abundance but to get deeper insight into the ecosystem processes
different functional characteristics of plants must be considered (Diaz and Cabido, 2001). Based
on these plant traits, a new group of biodiversity indices, called functional diversity indices, has
emerged and has been largely used in numerous ecosystems (Tilman, 2001; Conti and Diaz, 2013;
Kuebbing et al., 2018; Wang et al., 2020). They not only consider the abundance of plants within
the community but also integrate the value, the range, the distribution and frequency of various
functional traits (Diaz et al., 2007). In recent years, functional diversity indices have been used to
evaluate different ecosystem functions including carbon storage (Tahmasebi et al., 2017; Héger
and Avalos, 2017; Heydari et al., 2020 a) and better results were obtained than by using classical
indices (such as Shannon and Simpson diversity index) (e.g. Siebenkids and Roscher, 2016). For
instance, functional traits using height and wood density of tree or shrub species were shown to be
directly related to soil biomass and carbon storage, while leaf dry matter content was negatively
related to biomass and carbon storage (Tahmasebi et al., 2017; Rawat et al., 2019). Also, higher
nutrient uptake rates (such as nitrogen and phosphorus) and higher specific leaf area (SLA)
increase photosynthesis and ultimately the plant carbon storage (Herms and Mattson 1992; Poorter
and Garnier, 2007; Freschet et al. 2012). Therefore, the use of functional traits of plants can

increase our knowledge of changes in ecosystem carbon storage.
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In addition, the forest structure often reflects the effect of past management actions or natural
disturbances (Heydari et al., 2017; Haber et al., 2020 a) and descriptors of this structure can also
be effective in predicting changes in various ecosystem functions, including carbon storage (Zhang
et al., 2018; Ali, 2019). Although a great variety of indices has been used to explore many
ecosystem functions, we still largely ignore to what extent these indices can be used in forest
systems submitted to forest decline and different management conditions. In this study, we used a
gradient of forest dieback in semi-arid oak ecosystems under two contrasted types of management
to investigate the relationships between taxonomic, functional and structural diversity indices and
soil carbon storage. Our assumptions are the following: (1) soil carbon storage is affected by the
type of management (conservation vs traditional intense use) and the intensity of dieback, (2)
among the indices used, those based on community-weighted mean (CWM) functional traits better
predict soil carbon storage changes along the dieback gradient in the two management systems,
(3) simultaneous use of all diversity approaches (taxonomic, functional and structural) increases
the predictability of changes in soil carbon storage, (4) CWM trait values can better explain the

separation between the two types of management than the other approaches.

Material and methods

Sites description

The study area is located in semi-arid mixed oak forests in Ilam county (western Iran). These
forests initially hosted a particularly rich flora including many endangered species and are still
recognized as a hotspot of biodiversity. However, forests were submitted to long history of human
disturbances (e.g. firewood exploitation, grazing and fire) altering main ecological functions and
diversity. Two adjacent forest areas with the same physiographic conditions (average slope less
than 20 %, same altitude and similar site conditions) were selected (Figure 1). These two areas
were initially covered by dense forests centuries ago but were then intensively exploited and
degraded due to the high dependence of people's livelihood on forest resources in particular cutting
down trees for fuel consumption and charcoal production and livestock grazing. After the
implementation of national policies approved 50 years ago in Iran, one of the two areas was
protected by the Natural Resources Office from any anthropogenic disturbances (protected area)

while the other was left to the traditional intense use (degraded area). The predominant species in
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these forests is the Persian oak (Quercus brantii Lindl.), accompanied by some tree and shrub
species such as Acer monspessulanum L. subsp. Cinerascens (Boiss. Yaltirik), Pistacia atlantica
Desf., Crataegus pontica K. Koch., Cerasus microcarpa Boiss. and Daphne mucronata Royle. In
the degraded area, only scattered individuals of oaks with large stem diameters and pistachio are
found, while the other woody species are very scarce. In contrast, in the protected area oak trees
are more frequent and of smaller diameter and mixed with different tree and shrub species.
Usually, the density of woody species in the study area varies from 30 to 100 stems per hectare.
The soil of both areas is a shallow calcareous clay loamy soil (average depth: 30 to 40 cm) with
abundant small and large stones on the soil surface.

According to long-term statistics of the nearest meteorological station, the mean annual
precipitation and the mean annual temperature are 652.6 mm and 17 °C respectively. This region
is generally described as sub-Mediterranean with a completely seasonal rainfall distribution which
peaks at autumn (Fathizadeh et al., 2017).

Since 2001, a phenomenon known as dieback or sudden death of tree species has occurred leading
to drying up of trees partially or totally. Oaks were particularly affected and symptoms of decay
were of variable intensity. The causes of this forest decline are still not well known, although some
researchers have attributed this phenomenon to the stresses of prolonged drought periods

(Goodarzi et al., 2019; Shiravand and Hosseini, 2020).

Experimental design and sampling

In each of the two forest areas, forty sample plots of 1000 m?> were evenly allocated in each of the
four dieback intensity classes (low, moderate, high or no). Classes were defined using visual
criteria of dieback as follows:

High intensity dieback: trees with at least 3:4 of their canopy dry and with deep cracks on most
parts of the trunk.

Moderate intensity dieback: 1:4 to 1:2 of the tree canopy is dry with some cracks and holes on the
trunk.

Low intensity dieback: less than 1:4 of the canopy is dry and no other signs of rot, holes and cracks
on the trunk are visible.

No dieback: healthy trees without signs of dieback.
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At each each plot, three soil samples were randomly collected from the 0-30 cm layer, mixed
together to produce one composite soil sample. Soil samples (total: 80) were immediately
transferred to the laboratory for analysis. Additional undisturbed soil cores were sampled in the 0—
30 cm mineral layer andsoil bulk density (BD) was measured (Black and Hartge, 1986). Soil
organic carbon (SOC) was determined by the Walky and Black wet oxidation method (Nelson and
Sommers, 1982).

The soil carbon storage (CS) was calculated by equation 1 (Qin et al., 2016):

CS (t/ha) = SOC (%) x BD (gr/cm®) x SD (cm) x 107! (Equation 1)

where SOC is soil organic carbon, BD is soil bulk density and SD is soil depth (30 cm).

Measurements of the functional traits

In order to evaluate functional diversity at the plot level, several traits related to carbon storage
were measured (Finegan et al., 2015; Ali and Yan, 2017). For different tree and shrub species,
twenty well grown and without damage leaves were collected from the southern direction of
the canopy. Samples were put into an ice box and transferred to the laboratory to measure the
fresh and dry (48 hours in it at 70 ° C) leaf weight and the leaf area (mm?). The leaf dry-matter
content (LDMC) (mg g!) was calculated as the oven-dry mass (mg) of a leaf, divided by its
fresh mass (g). Specific leaf area (SLA) was determined as fresh leaf (mm?), divided by its
oven-dry mass (mg) (Perez-Harguindeguy et al., 2013).

For each woody species, we collected one wood sample on ten individuals at 1 m height using
a tree corer. These wood samples were dried in an oven at 105 °C for 24 hours (Henry et al.,
2010). Wood density (WD) (g cm>) of each sample was obtained as the ratio of the dry weight
divided by the volume which was measured using the change in volume after immersion in
distilled water in a beaker (cm?). The phosphomolybdic blue colorimetric technique (Anderson
and Ingram, 1993) and Kjeldahl method (Bradstreet, 1965) were used to determine P and N

concentration in leaves (LPC and LNC, respectively; mg.g™"), respectively.
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211 Calculation of taxonomic, structural and functional diversity indices

212 For the woody species, we calculated at plot level different taxonomic diversity indices
213 including the number of woody species, the Shannon Wiener diversity index (H'), the Richness
214 (S) and the Pielou's evenness (E) using the Ecological Methodology software, version 7.

215 The community weighted mean (CWM) trait values and the functional divergence index
216 (FDvar) were used to determine the effects of dominant species (selection effect) and diversity
217 (niche complementary effect) (Tahmasebi et al., 2017; Rawat et al., 2019).

218 CWM were calculated using the trait value of each woody species weighted by its abundance
219 (Equation 2) whereas FDvar was computed using the variance among the traits values of the
220 plant species recorded on a plot and weighted by the abundance of each species in the
221 community (Equation 3) (Mason et al., 2005; Conti and Diaz, 2013; Ali et al., 2017; Wen et al.,
222 2021).

223

224 CWM, =Y¥3 P, T; (Equation2)

225

226

227 FDyqr = % arctan (5V) and V = Zfz P (InT; —InT)* (Equation 3)

228

229

230 Where CWMy is the CWM for trait x, S is the number of species in the community, Ti is the
231 trait value for the i species, Pi is the relative abundance of the i species in the community,
232 FDvar is the functional divergence index.

233 The structural indices of woody species including the mingling index (Equation 4), the height
234 and diameter differentiation indices (Equation 5) were calculated using the following equations
235 (Pommerening, 2002):

236 Z Vi; M;e [0,1] (Equation 4)

237 where M; is species mingling, n is the number of the nearest neighbors (n=3); Vj = 1, if the
238 reference tree j and neighbor tree 1 are different tree and shrub species and 0 otherwise. High values

239 of this index represent a high species mixture or a high presence of other tree and shrub species.
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In each plot, a woody species was randomly selected as the reference tree (i) and the three nearest

neighbor woody species (j) were marked to compute the following indices (Equation 5):

n
1
Ti = ZZ TU
=1

min(DBHi. DBHJ) min(Heigh . Heightj)

max (DBHi . DBHJ)

Ty =1- orTy; =1- Tie[0,1]  (Equation 5)

max (Heighti. Heightj)

These equations were used for the three pairs of reference woody-neighbor woody species and the
Tij indices were calculated as the mean of the three individual calculations. The higher value of

the index (close to 1) indicate a higher diversity in terms of tree size.

Statistical analysis

Prior to statistical analysis, the assumptions of normality and homogeneity of variance were
checked using the Shapiro-Walk test and Levene test, respectively. The effects of dieback intensity
and management (protection vs. degradation) and their interactions on carbon storage were tested
using general linear models (GLMs) followed by post-hoc Duncan's multiple range test. Pearson’s
correlation coefficients were used to evaluate the relationships between soil carbon storage and
structural, taxonomic and functional diversity indices. Stepwise multiple regressions between soil
carbon storage and different diversity approaches were produced to predict the main factors
affecting carbon storage. A principal component analysis (PCA, using PC-ORD version 5 sofware)
using the various diversity indices was performed to visualize plots distribution along the first two
axes of the analysis. We wanted to test if the various diversity indices (i.e. functional divergence,
functional composition, taxonomic and structural indices) were efficient in segregating the

different dieback intensity classes (no, low, moderate or high dieback intensity) in the two areas.

Results

Effect of dieback and management on soil carbon storage

Soil carbon storage was significantly influenced by the type of management, dieback intensity and
their interaction (Table 1). Soil carbon stocks were significantly higher in the protected area (95.90
+ 4.62 t/ha) than in the degraded area (76.52 + 2.04 t/ha) and peaked in the low dieback intensity
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class of the protected area (122.47 + 10.12 t/ha), while no difference was found among the intensity
classes in the degraded area (Figure 2).

Soil carbon storage was positively correlated with structural, functional diversity (i.e. FDvar of
LDMC, H and WD) and taxonomic diversity indices except for species evenness (negative
correlation). Similarly, all structural and taxonomic diversity indices with the exception of
evenness, positively correlated with CWM of leaf phosphorus content (LPC) and specific leaf area
(SLA), and negatively with CWM of LNC, H and LDMC. It was noteworthy that the examination
of the correlation values with evenness revealed an exact opposite pattern as that observed with all

structural and taxonomic diversity indices (Figure 3).

Models of soil carbon storage

We produced models of soil carbon storage using either functional, taxonomic or structural
diversity indices as predictors. We found that all taxonomic diversity and all structural indices
were included in the final models as well as almost all of the CWM traits (CWM-LPC, CWM-
LNC, CWM-H, CWM-LDMC, and CWM-SLA). In contrast, for the functional divergence, only
FDvar-WD was found significant. Considering all the models, FDvar-WD, CWM-LDMC, species
richness (S) and mingling index (MI) were the best predictors of soil carbon storage for the
different diversity approaches (i.e., functional divergence (FD), functional composition (FC),
taxonomic diversity (TD) and structural diversity (SD)). Lastly, the final model taking into account
all types of indices (total model) showed that the mingling index (MI) alone was the best model to
predict changes in soil carbon storage (R? = 0.173; P-value = 0.002) along the dieback intensity

and management gradients (Table 2).

Results of the PCA

Results of the principal component analysis (PCA) using all types of indices showed that the first
two axes of the PCA represented a total variance of 78.37 % (59.48 % for the first axis and 18.89
% for the second axis). Projection of the plots showed that the degraded area was clearly separated
from the protected area along the first axis while, there was no clear separation among the dieback
intensity classes. Functional traits such as H, LNC, LDMC and species evenness were the most

important to identify plots of the degraded area as a group whatever the dieback intensity class,
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while this role was played by diversity indices (MI, HD and DD) and species richness for plots of
the protected area (Figure 4 and Table 3). PCA analyses were also achieved by using only one type
of diversity approach (Appendix 1). By this method, we found that each approach was able to
separate the protected area from the degraded area but especially when using the structural and
CWM indices (Appendix la and 1b). In contrast, only the structural indices were able to segregate
the different dieback intensity classes, especially in the protected area. Plots belonging to the low
and moderate dieback intensity classes were characterized by similar mingling indices (Appendix

1d).

Discussion

Influence of management and dieback intensity on soil carbon storage

Our results clearly showed that soil carbon storage was higher in the protected area than in the
degraded area. Carbon sequestration rate is closely related to a large variety of factors including
taxonomic and structural characteristics of the forest stands (e.g. density, composition and species
diversity), land use change, past management actions (e.g. intense or conservative measures), as
well as soil properties (Lal, 2005; Jandl et al., 2007; Hammad et al., 2020; Tong et al., 2020). The
woody forest vegetation obviously plays a very important role in soil carbon storage in
sequestering atmospheric C in their wood biomass resulting from the process of photosynthesis
(Brown and Pearce, 1994). A too intensive forest management can reduce the forest cover and
limit the litter inputs, can decrease soil porosity by soil compaction or can enhance soil dryness
and leading to erosion of the soil surface. All these processes can impair the forest production
cycle and the storage of carbon in the soil (Upadhyay et al., 2005; Li et al., 2017). Land-use change,
and particularly deforestation, by changing the predominant type of vegetation also effectively
affects C fixation and soil respiration (Post and Kwon, 2000). Soil carbon storage is usually
reduced and the soil carbon fluxes also modify due to profound changes in the nature and activity
of soil COz emitters (Dixon et al., 1994). We also noted a significant influence of dieback intensity
on soil carbon storage. More precisely, the highest amount of soil carbon storage was observed in
the low dieback intensity in the protected area wile no change was recorded in the degraded area.
In the low dieback intensity class, only a small portion of the crown foliage (mainly leaves and

twigs) was lost increasing the inputs in easily decomposable organic matter. This process could
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have increased soil carbon storage considering that all other environmental factors remained
favorable due to the absence of marked disturbances in this protected area. In contrast, when
dieback was more pronounced, the photosynthetic activity and growth were reduced which could
have limited the amount the stabilized carbon in the biomass and eventually the soil (Ryan et al.,
1997; Cook et al., 2008). Besides, in stands showing severe symptoms of dieback (i.e. with a large
portion of the canopy dried up), the quantity and quality of litter inputs are likely to be changed
(Cobb et al., 2013; Cobb and Rizzo, 2016). Microclimatic conditions are also modified particularly
due to the reduction of the canopy cover. In particular, the exposition of the soil surface to direct
sunlight is increased and the temperatures are more variable due to a loss of the buffering effect
by the overstorey vegetation. These more instable conditions and reduced inputs of organic matter
can limit soil microbial activity and decomposition which in turn limit soil carbon storage (Sanji
et al., 2020; Karmakar et al. 2016; Berenstecher et al., 2020). Consistent with our results, Pandey
et al. (2020) studying oak forests (Quercus leucotrichophora) in central Himalaya in degraded and
undisturbed conditions, showed that degradation reduced tree density, tree biomass and
consequently carbon sequestration up to 73% and total soil carbon storage up to 79%.

The humped-shape pattern of soil carbon storage along the dieback intensity gradient in the
protected area is in line with the intermediate disturbance hypothesis (Connell, 1978). According
to this hypothesis, ecosystem performance or ecosystem functions (such as soil C sequestration)
are maximized at low to medium disturbance intensities, while at the beginning and end of the
disturbance gradient (i.e. the control and the high dieback intensity in this study) they are reduced.
In our semi-arid oak forests and in absence of marked degradation, a minimal disturbance such as
a low defoliation comparable to a moderate natural pruning can reduce intra- and interspecific

competition and increase ecosystem function (Lin et al., 2018; Bai et al., 2020).

Modeling soil carbon storage according to different diversity approaches

The establishment of such relationships between species diversity and structural features of the
plant community and ecosystem functions is of a high interest to investigate key processes like
productivity or nutrient retention (e.g. Chen, 2006). It is noteworthy that the mingling index (a
structural index strongly associated with the changes in tree species proportions) (Keren et al.,
2020) can be a suitable index in expressing the amount soil carbon change because different woody

species have not same potential in litter (quality and quantity) production (Joly et al., 2017; Cakir
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and Makineci, 2020; Heydari et al., 2020 b). The existence of positive relationships between
structural indices (mingling or DD and HD) and soil carbon storage clearly supports the niche
complementarity hypothesis and emphasizes the positive role of diversity in forest structural
features on ecosystem functions as reported by previous other studies (Lin et al., 2016; Fotis et al.,
2018). This result can be explained by considering the influence of the forest structure on soil
processes. In fact, soil carbon content is closely related to the composition and activity of
microorganisms involved in the decomposition process, which is controlled for a part by the
composition and structure of the stand (Van der Heijden et al. 1998; Tedeschi et al., 2006). Forest
dieback negatively affects soil carbon storage by eliminating some sensitive species, as shown by
a clear variation of mingling index value, and by changing stand structural characteristics as shown
by previous studies (Aynekulu et al., 2011; Tenzin and Hasenauer, 2016). Modification of the
species composition also implies a variation in biomass accumulation and litter production which
affect carbon storage in the ecosystem (e.g. Chen, 2006; Vesterdal et al., 2013). The role played
by structural indices is also more clearly visible along a gradient of dieback intensity: when the
dieback is pronounced, stand composition and structure are likely to be largely modified (Martin
etal., 2015; Renne et al., 2019) and soil carbon storage affected (Spielvogel et al., 2009; Xiong et al.,
2011). Similarly, taxonomic diversity indices are more efficient predictors of soil carbon storage
along the dieback intensity gradient than functional diversity indices. A possible explanation can
be a large functional redundancy among the species in our study area. The role played by a specific
species is also supported by other species, consequently the value of the functional index may
remain stable even if the species is removed from the community. Under these conditions, the
evenness index, which depends on the percentages of presence of the different species, can be
more efficient in showing the effect of different dieback intensities on ecosystem functions
(Omidipour et al., 2021). However, in the intense dieback intensity class where many species are
eliminated, the species richness index also performs well.

Woody species evenness was negatively related to soil carbon storage and previous studies have
also reported negative relationships between evenness and various ecosystem functions (Wilsey
and Potvin, 2000; Kardol et al., 2010; Vance-Chalcraft et al., 2010; Van Con et al., 2013) while
no significant relations were found in other studies (Weiher and Keddy, 1999; van Rooijen et al.,
2015). These apparently contradictory results may be explained by the differences in the
ecosystems and in the functions under study. In this regard, Omidipour et al. (2021) reported
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negative relationships between evenness and ecosystem functions in steppe-desert and semi-steppe
regions but no significant relationships in Mediterranean rangelands of central Iran. In general,
evenness plays a more important role in areas where dominant species have a greater contribution
in ecosystem functions (Maestre and Reynolds, 2006; Omidipour et al., 2021). In these areas, the
increase in evenness which negatively influences ecosystem functions, is usually controlled by the
decrease in the abundance of the dominant species and the increase in the abundance of other
plants (Omidipour et al., 2021). These findings are consistent with the mass ratio hypothesis. This
hypothesis proposes that the rate of an ecosystem function such as biomass production is primarily
determined by the traits of the dominant species. The evenness index is sensitive to variation of
frequency rather than the number of species (Chapin Iii et al., 2000; Wilsey and Potvin, 2000). In
our study area, oak is the by far the dominant woody species which frequency is primarily affected
by the forest dieback, this can explain why evenness is a significant predictor of ecosystem
functions (Mulder et al., 2004).

Among all the community-weighted mean (CWM) traits, CWM-LDMC showed a negative
relationship with soil carbon storage. In the degraded area with a low soil carbon storage, the
dominant oak trees are old and large and produce thick lignin-rich leaves explaining high LDMC
values (Konig et al., 2018). Some studies indicated that high LDMC values in a community are
related to the predominance of conservative species growing in a low-production environment
similar to the degraded area in this study (Garnier et al., 2004; Finegan et al., 2015). The SLA
index was positively correlated with soil carbon storage. Leaf is the most important carbon-
stabilizing organ during photosynthesis and therefore leaf properties have a high ability to predict
carbon storage (Tahmasebi et al., 2017). Functional characteristics of plants related to
photosynthetic such as CWM-SLA play an important role in ecosystem carbon storage and carbon
balance (De Deyn et al., 2008; Finegan et al., 2015). Therefore, the high CWM-SLA values of
wood species in the protected area at low dieback intensity can be related to an enhanced
photosynthetic efficiency explaining a positive effect on ecosystem carbon storage.

The combined use of all diversity assessment approaches was able to separate management
conditions (the degraded vs. protected area) but not the different dieback intensity classes. Used
separately, each approach —but especially the structural and CWM approaches- was effective in
separating protected and degraded areas. However, only structural indicators proved efficient in

segregating the different dieback intensities, especially in the protected area. These results put
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forward that most diversity indices and trait values are primarily influenced by anthropogenic
disturbances and management actions while the effect of dieback is less pronounced at least at low

intensity.

Conclusion

In this study, we have investigated the predictability of soil carbon storage by taxonomic,
functional and structural diversity approaches under different management conditions (protected
vs. degraded) and along a dieback intensity gradient. We found that soil carbon storage was clearly
improved in the preserved area compared to the degraded area and was the highest in the low
dieback intensity class of the protected area. This result emphasizes the positive role played by a
moderate disturbance which can reduce intra- and interspecific competition and maximize
ecosystem function in line with the intermediate disturbance hypothesis. The structural diversity
indices were the best predictors of soil carbon storage followed by the taxonomic diversity and
functional composition indices, in contrast to the functional divergence indices. Therefore, the use
of such structural diversity indices can be efficient tools to increase our understanding of changes
in soil carbon storage which represents a key ecosystem function in semiarid forests. Besides, the
positive correlation of the structural, composition and taxonomic diversity indices as well as the
negative correlation of species evenness and functional composition (CWM of LNC, H and
LDMC) with soil carbon storage provide evidence to support both the mass-ratio and niche

complementary hypotheses.

Acknowledgments
This research has been carried out using the proposal approved by the Vice chancellor for
Research & Technology of Islamic Azad University, Chalus Branch and research core of [lam

University managed by Dr. Mehdi Heydari.



454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

Authorship contribution statement

Mona Karami: Data curation, Investigation, Writing-original draft; Ali Sheykholeslami:
Supervision, Investigation, Writing-review & editing; Mehdi Heydari: Conceptualization,
Methodology, Data curation, Resources, Formal analysis, Software, Visualization, Supervision,
Writing -original draft, Writing -review & editing; Majid Eshagh Nimvari: Writing -review &

editing; Reza Omidipour: Formal analysis, Software, Writing -original draft, Writing -review &

editing; Bernard Prevosto: Writing -review & editing.

Conflicts of Interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

References

Ahmad A, Liu QJ, Nizami SM, Mannan A, Saeed S (2018) Carbon emission from deforestation,
forest degradation and wood harvest in the temperate region of Hindukush Himalaya, Pakistan
between 1994 and 2016. Land use policy 78: 781-790.

Aishan T, Betz F, Halik U, Cyffka B, Rouzi A (2018) Biomass carbon sequestration potential
by riparian forest in the Tarim River Watershed, Northwest China: Implication for the mitigation
of climate change impact. Forests 9: 1-15.

Ali A (2019) Forest stand structure and functioning: Current knowledge and future challenges.
Ecol Indic 98: 665-677.

Ali A, Yan ER, Chang SX, Cheng JY, Liu XY (2017) Community-weighted mean of leaf traits
and divergence of wood traits predict aboveground biomass in secondary subtropical forests. Sci
Total Environ 574: 654-662.

Anderson J, Ingram JSI (1993) Tropical Soil Biology and Fertility: A Handbook of Methods.
Wallingford, CT: CAB International, 221.

Avila JM, Gallardo A, Ibafiez B, Gémez-Aparicio L (2016) Quercus suber dieback alters soil
respiration and nutrient availability in Mediterranean forests. J Ecol, 104(5):1441-1452.

Aynekulu E, Denich M, Tsegaye D, Aerts R, Neuwirth B, Boehmer HJ (2011) Dieback affects
forest structure in a dry Afromontane forest in northern Ethiopia. J Arid Environ 75(5):499-503.



484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

Bai YF, Shen YY, Jin YD, Hong Y, Liu YY, Li YQ, Liu R, Zhang ZW, Jiang CQ, Wang YJ
(2020) Selective thinning and initial planting density management promote biomass and carbon
storage in a chronosequence of evergreen conifer plantations in Southeast China. Glob Ecol
Conserv 24: e01216.

Berenstecher P, Vivanco L, Pérez LI, Ballar¢ CL, Austin AT (2020) Sunlight doubles
aboveground carbon loss in a seasonally dry woodland in Patagonia. Current Biology, 30 (16):
3243-3251.

Blake GR, Hartge KH (1986) Bulk density. In: Klute, A. (Ed.), Methods of Soil Analysis, Part
I, second ed., ASA Monograph No. 9. Madison, WI, pp 363-376.

Bradstreet RB (1965) The Kjeldahl Method for Organic Nitrogen. Academic Press, New York,
p 239.

Brahma B, Pathak K, Lal R, Kurmi B, Das M, Nath PC, Nath AJ, Das AK (2018) Ecosystem
carbon sequestration through restoration of degraded lands in Northeast India. Land Degrad Dev
29(1): 15-25.

Brouwers N, Matusick G, Ruthrof K, Lyons T, Hardy G (2013) Landscape-scale assessment of
tree crown dieback following extreme drought and heat in a Mediterranean eucalypt forest
ecosystem. Landsc Ecol 28(1): 69-80.

Brown K, Pearce D (1994) The economic value of non-market benefits of tropical forests:
carbon storage. The economics of project appraisal and the environment. 102-123.

Cakir M, Makineci E (2020) Litter decomposition in pure and mixed Quercus and Fagus stands
as influenced by arthropods in Belgrad Forest, Turkey. J For Res 31(4): 1123-1137.

Chapin lii FS, Zavaleta ES, Eviner VT, Naylor RL, Vitousek PM, Reynolds HL, Hooper DU,
Lavorel S, Sala OE, Hobbie SE, Mack MC (2000) Consequences of changing biodiversity. Nature
405(6783): 234.

Chen, X (2006) Tree diversity, carbon storage, and soil nutrient in an old-growth forest at
Changbai Mountain, Northeast China. Commun Soil Sci Plant Anal, 37(3-4): 363-375.

Cho SH, Soh M, English BC, Yu TE, Boyer CN (2019) Targeting payments for forest carbon
sequestration given ecological and economic objectives. For Policy Econ 100: 214-226.

Cobb RC, Eviner VT, Rizzo DM (2013) Mortality and community changes drive sudden oak
death impacts on litterfall and soil nitrogen cycling. New Phytol 200(2): 422-431.



514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543

Cobb RC, Rizzo, DM (2016) Litter chemistry, community shift, and non-additive effects drive
litter decomposition changes following invasion by a generalist pathogen. Ecosystems, 19(8):
1478-1490.

Connell JH (1978) Diversity in tropical rain forests and coral reefs. Science, 199(4335): 1302-
1310.

Conti G, Diaz S (2013) Plant functional diversity and carbon storage—an empirical test in semi-
arid forest ecosystems. J Ecol 101(1): 18-28.

Cook BD, Bolstad PV, Martin JG, Heinsch FA, Davis KJ, Wang W, Desai AR, Teclaw RM
(2008) Using light-use and production efficiency models to predict photosynthesis and net carbon
exchange during forest canopy disturbance. Ecosystems 11(1): 26-44.

De Deyn GB, Cornelissen JH, Bardgett RD (2008) Plant functional traits and soil carbon
sequestration in contrasting biomes. Ecol Lett 11(5): 516-31.

Diaz S, Lavorel S, de Bello F, Quétier F, Grigulis K, Robson TM (2007) Incorporating plant
functional diversity effects in ecosystem service assessments. Proc Natl Acad Sci 104(52): 20684-
20689.

Diaz, S, M. Cabido (2001) Vive La Difference: Plant Functional Diversity Matters to Ecosystem
Processes. Trends Ecol Evol 16(11): 646-55.

Dixon RK, Winjum JK, Andrasko KJ, Lee JJ, Schroeder PE (1994) Integrated land-use systems:
assessment of promising agroforest and alternative land-use practices to enhance carbon
conservation and sequestration. Clim Change 27(1): 71-92.

Fathizadeh O, Hosseini SM, Zimmermann A, Keim RF, Boloorani AD (2017) Estimating
linkages between forest structural variables and rainfall interception parameters in semi-arid
deciduous oak forest stands. Sci Total Environ 601: 1824-1837.

Finegan B, Pefia-Claros M, de Oliveira A, Ascarrunz N, Bret-Harte MS, Carrefio-Rocabado G,
Casanoves F, Diaz S, Eguiguren Velepucha P, Fernandez F, Licona JC (2015) Does functional trait
diversity predict above-ground biomass and productivity of tropical forests? Testing three
alternative hypotheses. J Ecol 103(1): 191-201.

Fotis AT, Murphy SJ, Ricart RD, Krishnadas M, Whitacre J, Wenzel JW, Queenborough SA,
Comita LS (2018) Above-ground biomass is driven by mass-ratio effects and stand structural

attributes in a temperate deciduous forest. J Ecol 106(2): 561-570.



544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574

Freschet GT, Aerts R, Cornelissen JH (2012) A plant economics spectrum of litter
decomposability. Funct Ecol 26(1): 56-65.

Garnier E, Cortez J, Billés G, Navas ML, Roumet C, Debussche M, Laurent G, Blanchard A,
Aubry D, Bellmann A, Neill C (2004) Plant functional markers capture ecosystem properties
during secondary succession. Ecol 85(9): 2630-2637.

Ghosh BN, Mishra PK (2020) Effects of productivity and soil carbon storage in mixed forests.
In Carbon management in tropical and sub-tropical terrestrial systems (pp. 349-361). Springer,
Singapore.

Goodarzi M, Pourhashemi M, Azizi Z (2019) Investigation on Zagros forests cover changes
under the recent droughts using satellite imagery. J For Sci 65(1): 9-17.

Gordon CE, Bendall ER, Stares MG, Collins L, Bradstock RA (2018) Aboveground carbon
sequestration in dry temperate forests varies with climate not fire regime. Glob Chang Biol 24(9):
4280-4292.

Haber LT, Fahey RT, Wales SB, Correa Pascuas N, Currie WS, Hardiman BS, Gough CM
(2020) Forest structure, diversity, and primary production in relation to disturbance severity. Ecol
Evol 10(10): 4419-4430.

Héger A, Avalos G (2017) Do functional diversity and trait dominance determine carbon storage
in an altered tropical landscape?. Oecologia 184(2: 569-581.

Haller DJ, Wimberly MC (2020) Estimating the Potential for Forest Degradation in the Eastern
United States Woodlands from an Introduction of Sudden Oak Death. Forests 11(12): 1-16.

Hammad HM, Nauman HM, Abbas F, Ahmad A, Bakhat HF, Saeed S, Shah GM, Ahmad A,
Cerda A (2020) Carbon sequestration potential and soil characteristics of various land use systems
in arid region. J Environ Manage p.110254.

Han G, Hao X, Zhao M, Wang M, Ellert BH, Willms W, Wang M (2008) Effect of grazing
intensity on carbon and nitrogen in soil and vegetation in a meadow steppe in Inner Mongolia.
Agric Ecosyst Environ 125(1-4): 21-32.

Henry M, Besnard A, Asante WA, Eshun J, Adu-Bredu S, Valentini R, Bernoux M, Saint-André
L. (2010) Wood density, phytomass variations within and among trees, and allometric equations in
a tropical rainforest of Africa. For Ecol Manag 260: 1375-1388.

Herms DA, Mattson WJ (1992) The dilemma of plants: to grow or defend. Q Rev Biol 67(3):
283-335.



575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603

Hevia A, Sédnchez-Salguero R, Camarero JJ, Querejeta JI, Sangiliesa-Barreda G, Gazol A (2019)
Long-term nutrient imbalances linked to drought-triggered forest dieback. Sci Total Environ 690:
1254-1267.

Heydari M, Prévosto B, Abdi T, Mirzaei J, Mirab-Balou M, Rostami N, Khosravi M, Pothier D
(2017) Establishment of oak seedlings in historically disturbed sites: Regeneration success as a
function of stand structure and soil characteristics. Ecol Engl07:172-182.

Heydari M, Zeynali N, Omidipour R, Bazgir M, Kohzadian M, Prevosto B (2020 a) Linkage
between plant species diversity and soil-based functions along a post-agricultural succession is
influenced by the vegetative forms. Environ Monit Assess 192(7): 1-16.

Heydari, M., Eslaminejad, P., Kakhki, F.V., Mirab-Balou, M., Omidipour, R., Prévosto, B.,
Kooch, Y. and Lucas-Borja, M.E., 2020 b. Soil quality and mesofauna diversity relationship are
modulated by woody species and seasonality in semiarid oak forest. Forest Ecology and
Management, 473, p.118332.

Ibafiez B, Gomez-Aparicio L, Avila JM, Pérez-Ramos IM, Marafién T (2017) Eftects of
Quercus suber decline on woody plant regeneration: potential implications for successional
dynamics in Mediterranean forests. Ecosystems 20(3): 630-644.

Jandl R, Lindner M, Vesterdal L, Bauwens B, Baritz R, Hagedorn F, Johnson DW, Minkkinen
K, Byrme KA (2007) How strongly can forest management influence soil carbon sequestration?.
Geoderma 137(3-4): 253-268.

Jhariya MK (2017) Vegetation ecology and carbon sequestration potential of shrubs in tropics
of Chhattisgarh, India. Environ Monit Assess 189(10): 518.

Joly, F.X., Milcu, A., Scherer-Lorenzen, M., Jean, L.K., Bussotti, F., Dawud, S.M., Miiller, S.,
Pollastrini, M., Raulund-Rasmussen, K., Vesterdal, L. and Hattenschwiler, S., 2017. Tree species
diversity affects decomposition through modified micro-environmental conditions across
European forests. New Phytologist, 214(3), pp.1281-1293.

Kamata N (2002) Outbreaks of forest defoliating insects in Japan, 1950-2000. Bull Entom Res
92(2): p.109.

Karami O, Fallah A, Shataei SH, Latifi H (2018) Assessment of geostatistical and interpolation

methods for mapping forest dieback intensity in Zagros forests. Casp J Environ Sci 16(1): 71-84.



604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634

Kardol P, Campany CE, Souza L, Norby RJ, Weltzin JF, Classen AT (2010) Climate change
effects on plant biomass alter dominance patterns and community evenness in an experimental old-
field ecosystem. Glob Chang Biol 16(10): 2676-2687.

Karmakar R, Das I, Dutta D, Rakshit A (2016) Potential effects of climate change on soil
properties: a review. Sci int 4(2): 51-73.

Keren S, Svoboda M, Janda P, Nagel TA (2020) Relationships between structural indices and
conventional stand attributes in an old-growth Forest in Southeast Europe. Forests11(1): p.4.

Klemm T, Briske DD, Reeves MC (2020) Potential natural vegetation and NPP responses to
future climates in the US Great Plains. Ecosphere 11(10): p.e03264.

Koepke DF, Kolb TE, Adams HD (2010) Variation in woody plant mortality and dieback from
severe drought among soils, plant groups, and species within a northern Arizona ecotone.
Oecologia, 163(4): 1079-1090.

Konig P, Tautenhahn S, Cornelissen JH, Kattge J, Bonisch G, Romermann C (2018) Advances
in flowering phenology across the Northern Hemisphere are explained by functional traits. Glob
Ecol Biogeogr27(3): 310-321.

Kuebbing SE, Maynard DS, Bradford MA (2018) Linking functional diversity and ecosystem
processes: A framework for using functional diversity metrics to predict the ecosystem impact of
functionally unique species. J Ecol 106(2):687-698.

Lal R (2004) Soil carbon sequestration to mitigate climate change. Geoderma 123: 1-22.

Lal R (2005) Forest soils and carbon sequestration. For Ecol Manag 220(1-3): 242-258.

LiZ, Liu C, Dong Y, Chang X, Nie X, Liu L, Xiao H, Lu Y, Zeng G (2017) Response of soil
organic carbon and nitrogen stocks to soil erosion and land use types in the Loess hilly—gully region
of China. Soil Tillage Res 166: 1-9.

Lin D, Anderson-Teixeira KJ, Lai J, Mi X, Ren H, Ma K (2016) Traits of dominant tree species
predict local scale variation in forest aboveground and topsoil carbon stocks. Plant Soil 409(1):
435-446.

Lin JC, Chiu CM, Lin YJ, Liu WY (2018) Thinning effects on biomass and carbon stock for
young Taiwania plantations. Sci Rep 8(1): 1-7.

Maestre FT, Reynolds JF (2006) Spatial heterogeneity in soil nutrient supply modulates nutrient
and biomass responses to multiple global change drivers in model grassland communities. Glob

Chang Biol 12(12): 2431-2441.



635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664

Marques A, Martins IS, Kastner T, Plutzar C, Theurl MC, Eisenmenger N, Huijbregts MA,
Wood R, Stadler K, Bruckner M, Canelas J (2019) Increasing impacts of land use on biodiversity
and carbon sequestration driven by population and economic growth. Nat Ecol Evol 3(4): 628-637.

Martin, P.A., Newton, A.C., Cantarello, E. and Evans, P., 2015. Stand dieback and collapse in
a temperate forest and its impact on forest structure and biodiversity. Forest Ecology and
Management, 358, pp.130-138.

Mason NW, Mouillot D, Lee WG, Wilson JB (2005) Functional richness, functional evenness
and functional divergence: the primary components of functional diversity. Oikos 111 (1): 112—
118.

Mulder CP, Bazeley-White E, Dimitrakopoulos PG, Hector A, Scherer-Lorenzen M, Schmid B
(2004) Species evenness and productivity in experimental plant communities. Oikos 107(1): 50-
63.

Nagel TA, lacopetti G, Javornik J, Rozman A, De Frenne P, Selvi F, Verheyen K (2019)
Cascading effects of canopy mortality drive long-term changes in understorey diversity in
temperate old-growth forests of Europe. J Veg Sci 30(5): 905-916.

Nelson DW, Sommers L (1982) Total carbon, organic carbon and organic matter. In: Page AL
(Ed.). Methods of soil analysis, Part 2. American Society of Agronomy and Soil Science Society
of America, Madison, Wisconsin. pp. 539-577.

Ogaya R, Liu D, Barbeta A, Pefiuelas J (2020) Stem Mortality and Forest Dieback in a 20-Y ears
Experimental Drought in a Mediterranean Holm Oak Forest. Front For Glob Change 2: 89-98.

Omidipour R, Tahmasebi P, Faizabadi MF, Faramarzi M, Ebrahimi A (2021) Does B diversity
predict ecosystem productivity better than species diversity? Ecol Indic 122, p.107212.

Pandey A, Arunachalam K, Thadani R, Singh V (2020) Forest degradation impacts on carbon
stocks, tree density and regeneration status in banj oak forests of Central Himalaya. Ecol Res 35(1):
208-218.

Perez-Harguindeguy N, Diaz S, Garnier E, Lavorel S, Poorter H, Jaureguiberry P, Bret-Harte
MS, Cornwell WK, Craine JM, Gurvich DE, Urcelay C (2013) New handbook for standardised
measurement of plant functional traits worldwide. Aust J Bot 61 (3): 167-234.

Pilli R (2012) Calibrating CORINE Land Cover 2000 on forest inventories and climatic data:
an example for Italy. Int J Appl Earth Obs Geoinf 19: 59-71.



665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695

Post WM, Kwon KC (2000) Soil carbon sequestration and land-use change: processes and
potential. Glob Chang Biol 6(3): 317-327.

Qiu Z, Feng Z, Song Y, Li M, Zhang P (2020) Carbon sequestration potential of forest
vegetation in China from 2003 to 2050: Predicting forest vegetation growth based on climate and
the environment. J Clean Prod 252: p.119715.

Rawat M, Arunachalam K, Arunachalam A, Alatalo J, Pandey R (2019) Associations of plant
functional diversity with carbon accumulation in a temperate forest ecosystem in the Indian
Himalayas. Ecol Indic 98: 861-868.

Renne, R.R., Schlaepfer, D.R., Palmquist, K.A., Bradford, J.B., Burke, I.C. and Lauenroth,
W.K., 2019. Soil and stand structure explain shrub mortality patterns following global change—type
drought and extreme precipitation. Ecology, 100(12), p.e02889.

Richards KR, Stokes C. A (2004) A review of forest carbon sequestration cost studies: a dozen
years of research. Clim Change 63(1-2):1-48.

Ruiz-Peinado R, Oviedo JA, Senespleda EL, Oviedo FB, del Rio Gaztelurrutia M (2017) Forest
management and carbon sequestration in the Mediterranean region: A review. For Syst 26(2): p.10.

Ryan MG, Binkley D, Fownes JH (1997) Age-related decline in forest productivity: pattern and
process. Adv Ecol Res 27:.213-262.

Sanchez-Salguero R, Camarero JJ (2020) Greater sensitivity to hotter droughts underlies juniper
dieback and mortality in Mediterranean shrublands. Sci Total Environ 721: p.137599.

Sanji R, Kooch Y, Rey A (2020) Impact of forest degradation and reforestation with Alnus and
Quercus species on soil quality and function in northern Iran. Ecol Indic 112: p.106132.

Schimel DS, House JI, Hibbard KA, Bousquet P, Ciais P, Peylin P, Braswell BH, Apps MJ,
Baker D, Bondeau A, Canadell J (2001) Recent patterns and mechanisms of carbon exchange by
terrestrial ecosystems. Nature 414(6860): 169-172.

Shiravand H, Hosseini SA (2020) A new evaluation of the influence of climate change on Zagros
oak forest dieback in Iran. Theor Appl Climatol 141: 685-697.

Siebenkds A, Roscher C (2016) Functional Composition Rather than Species Richness
Determines Root Characteristics of Experimental Grasslands Grown at Different Light and
Nutrient Availability. Plant and soil 404(1-2): 399-412.

Singh G, Bala N, Chaudhuri KK, Meena RL (2003) Carbon sequestration potential of common

access resources in arid and semi-arid regions of northwestern India. Indian For 129(7): 859-864.



696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724

Sintayehu DW, Belayneh A, Dechassa N (2020) Aboveground carbon stock is related to land
cover and woody species diversity in tropical ecosystems of Eastern Ethiopia. Ecol Process 9(1):
1-10.

Spielvogel, S., Prietzel, J., Auerswald, K. and Kogel-Knabner, 1., 2009. Site-specific spatial
patterns of soil organic carbon stocks in different landscape units of a high-elevation forest
including a site with forest dieback. Geoderma, 152(3-4), pp.218-230.

Steinbeiss S, BEBLER HO, Engels C, Temperton VM, Buchmann N, Roscher C, Kreutziger Y,
Baade J, Habekost M, Gleixner G (2008) Plant diversity positively affects short-term soil carbon
storage in experimental grasslands. Glob Chang Biol 14(12):2937-2949.

Tahmasebi P, Moradi M, Omidipour R (2017) Plant functional identity as the predictor of carbon
storage in semi-arid ecosystems. Plant Ecol Divers 10(2-3): 139-151.

Takahashi M, Feng Z, Mikhailova TA, Kalugina OV, Shergina OV, Afanasieva LV, Heng RK,
Abd Majid NM, Sase H (2020) Air pollution monitoring and tree and forest decline in East Asia:
A review. Sci Total Environ p.140288.

Tedeschi V, Rey AN, Manca G, Valentini R, Jarvis PG, Borghetti M (2006) Soil respiration in
a Mediterranean oak forest at different developmental stages after coppicing. Glob Chang Biol
12(1): 110-121.

Tenzin J, Hasenauer H (2016) Tree species composition and diversity in relation to
anthropogenic disturbances in broad-leaved forests of Bhutan. Int J Biodivers Sci Ecosyst Serv
Manag 12(4): 274-290.

Thomas SC, Malczewski G, Saprunoff M (2007) Assessing the potential of native tree species
for carbon sequestration forestry in Northeast China. J Environ Manage 85(3): 663-671.

Tilman D (2001) Functional diversity. Encyclo bio3(1): 109-120.

Tong X, Brandt M, Yue Y, Ciais P, Jepsen MR, Penuelas J, Wigneron JP, Xiao X, Song XP,
Horion S, Rasmussen K (2020) Forest management in southern China generates short term
extensive carbon sequestration. Nature communications 11(1): 1-10.

Touhami I, Chirino E, Aouinti H, El Khorchani A, Elaieb MT, Khaldi A, Nasr Z (2019) Decline
and dieback of cork oak (Quercus suber L.) forests in the Mediterranean basin: A case study of

Kroumirie, Northwest Tunisia. J For Res 31:1461-1477.



725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754

Upadhyay TP, Sankhayan PL, Solberg B (2005) A review of carbon sequestration dynamics in
the Himalayan region as a function of land-use change and forest/soil degradation with special
reference to Nepal. Agric Ecosyst Environ 105(3): 449-465.

Van Con T, Thang NT, Khiem CC, Quy TH, Lam VT, Van Do T, Sato T (2013) Relationship
between aboveground biomass and measures of structure and species diversity in tropical forests
of Vietnam. For Ecol Manag 310: 213-218.

Van Der Heijden MG, Klironomos JN, Ursic M, Moutoglis P, Streitwolf-Engel R, Boller T,
Wiemken A, Sanders IR (1998) Mycorrhizal fungal diversity determines plant biodiversity,
ecosystem variability and productivity. Natur, 396(6706): 69-72.

van Rooijen, N.M., De Keersmaecker, W., Ozinga, W.A., Coppin, P., Hennekens, S.M.,
Schaminée, J.H., Somers, B. and Honnay, O (2015) Plant species diversity mediates ecosystem
stability of natural dune grasslands in response to drought. Ecosystems 18(8): 1383-1394.

Vance-Chalcraft HD, Willig MR, Cox SB, Lugo AE, Scatena FN (2010) Relationship between
aboveground biomass and multiple measures of biodiversity in subtropical forest of Puerto Rico.
Biotropica 42(3): 290-299.

Vesterdal L, Clarke N, Sigurdsson BD, Gundersen P (2013) Do tree species influence soil
carbon stocks in temperate and boreal forests?. For Ecol Manag 309: 4-18.

Wang G, Liu Y, Wu X, Pang D, Yang X, Hussain A, Zhou J (2020) Stand Structural Diversity
and Species with Leaf Nitrogen Conservation Drive Aboveground Carbon Storage in Tropical Old-
Growth Forests. Forests 11(9): p.994.

Watson RT, Noble IR, Bolin B, Ravindranath NH, Verardo DJ, Dokken DJ (2000) Land use,
land-use change and forestry: a special report of the Intergovernmental Panel on Climate Change.
Cambridge University Press.

Weiher E, Keddy PA (1999) Relative abundance and evenness patterns along diversity and
biomass gradients. Oikos 87(2): 355-361.

Wen Z, Zheng H, Smith JR, Ouyang Z (2021) Plant functional diversity mediates indirect effects
of land-use intensity on soil water conservation in the dry season of tropical areas. For Ecol Manag
480: 118646.

Wilsey BJ, Potvin C (2000) Biodiversity and ecosystem functioning: importance of species
evenness in an old field. Ecology 81(4):887-892.



755
756
757
758
759
760
761
762
763
764
765

766

767

768

769

Xiong, Y., D’Atri, J.J., Fu, S., Xia, H. and Seastedt, T.R (2011) Xiong Y, D’Atri JJ, Fu S, Xia
H, Seastedt TR Soil Biol Biochem 43(12): 2450-2456.

Zhang X, Guan D, Li W, Sun D, Jin C, Yuan F, Wang A, Wu J (2018) The effects of forest
thinning on soil carbon stocks and dynamics: A meta-analysis. For Ecol Manag 429: 36-43.

Zhang X, Zhang X, Han H, Shi Z, Yang X (2019) Biomass accumulation and carbon
sequestration in an age-sequence of Mongolian pine plantations in Horqin sandy land, China.
Forests 10(2): 1-18.

Zhu B, Wang X, Fang J, Piao S, Shen H, Zhao S, Peng C (2010) Altitudinal changes in carbon
storage of temperate forestson Mt Changbai, Northeast China. J.Plant Res 123: 439—452.



627000 628000 629000
- : L 1 =
E b Dieback intensity i -§
L] w. E ”

== No

o Low L

4 Moderate
g . g
a2 % High B
~ -

GOOONO 650000 700000 TS0

3730000

3700000 3750000
3
‘!
3750000

3729000

o High : 1450.55 d)
. Low : 1279.32 0250 500 1000 é- é
627000 628000 629000
g Legend g
-1 B Study Area E
[ 1llam province
§ py High:2786 ?
5 Low : 26 e e Y —";
GOODED0 GE0000 TOMHY TR0

770

771 Fig 1. Location of the study area in Ilam province (a), west of Iran (b), the degraded area (c)

772 and the protected area (d).

773

774

775

776

777

778

779

780

781

782

783

784



785

786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802

803

i Degraded a) Protected b)
A
____________________ ;
150 a ¥
‘T&
; 125 B
_____________________ \
z b
5 100 + b b
= b b T b
50

Low

Control

Low
High;

Moderate

Fig 2. Comparison of the mean soil carbon storage between the different dieback intensity classes

in degraded (a) and protected (b) areas. Uppercase letters indicate significant differences between

the two areas and lowercase among the intensity classes within the same area (Duncan's multiple

range test).



804

805
806
807
808
809
810
811
812
813
814
815
816

.LDMC
WD

.LNC
LPC
.SLA

WD

L e e S e e

« CWM.LPC

@ < cwm.iNe

< FDva

(@)
w
@®cs

@ < cwwuH

@ E < cwmipme
Q®O®&L - cwusLa

cwmirc @

cwmine @@
cwvH @@
cwmiove @@ B0

cwmstA @< (D@ D
cwvwo @ DO A

FovarNC @2 &
FovarLPC @08 <
FDvarH @<
FOvarSLA @ ¢
FDvar.L.DMC @

FDvar.WD

=
=
O
N
d
D
B

QQ N
S OO DBrFova

H A A D
= DGGUQQQ — [ FDva

O 0D v
=@ C@o D °O@ , O OE ;5 Fova

Qo0 o v ‘GG

06 -~ v 1w “GCeCew D

o @86 ~u viiC o GO ®Ww oD

1 @EGEE o v PG -G0S
"@& oo e @I SE pH

I

O
O
O

Fig 3. Heat map for Pearson’s correlation coefficients between soil carbon storage and structural,
taxonomic and functional diversity indices; the color and size of the pie chart denotes the
magnitude and direction of the relationship (red and blue circles represent negative and positive
correlation, respectively); CS: carbon storage, CWM: community weighted mean, Fdvar:
functional divergence, LPC: leaf phosphorus concentration, LNC: leaf nitrogen concentration, H:
mean of woody species height, LDMC: leaf dry-matter content, SLA: specific leaf area, WD: wood
density, MI: mingling index, HD: height differentiation, DD: diameter differentiation, S: Richness

, H': Shannon—Wiener index and E: evenness

0CCCCC -© - ,0666CL -

r 0.4

r 0.2

r-0.2

r -0.4



817
818
819
820
821
822
823
824
825
826
827
828
829

830

A
) A LD
o CWM.WD — MD
- 4 O HD
= . cD
"‘: ] A LP
I ® ' u mp
& 80 4 ® ¢ / ® HP
= Q & 4 ¢ CP
= @ % “  Fovar.N [/
g A
= C “‘f_;.fl.a
< Q.0 > o o
; ’ Tetrran, R_.. , ab
£ -wm. S e S L e CWMH
- CWM.SLA_ SEEESsc--o - CWMLLNC
B EOWRE L PC o | 2 e > E
0 B
" Q A : CWM.LDMC
= Fay
-
5 1 FI L
. “Dvar.LP
- AN
< A
@ A
=X
A H' A
1 =
i
i A
- =
0 4
0 40 80

Axis 1I; % of Variance = 59.485 %; Eigenvalue = 11.89

Fig 4. Principal Component Analysis (PCA) ordination diagram showing the distribution of the
plots along the first two axes based on all diversity approaches i.e. including functional divergence
of woody species (solid blue arrows), functional composition of woody species (blue dotted
arrows), taxonomic diversity (solid red arrows) and structural diversity of woody species (black
dotted arrows); CWM: community weighted mean, FDvar: functional divergence, LPC: leaf
phosphorus concentration, LNC: leaf nitrogen concentration, H: mean of woody species height,
LDMC: leaf dry-matter content, SLA: specific leaf area, WD: wood density, MI: mingling index,
HDif: height differentiation, Ddif: diameter differentiation, S: Richness , H: Shannon—Wiener
index and E: evenness. Plots are identified by two letters, the first letter refers to the dieback
intensity class (L, M, H, C) i.e. low, medium, high or control (no dieback), while the second letter
(D, P) refers to the degraded or protected area. Blank and solid symbols indicate degraded and

protected areas, respectively.



831

832
833
834
835
836
837
838
839
840

t‘;' E LD
v a

! . a) L W g
¥ D
| E sz
s = ® WP
g £ 80 fal
S0 28 1
(= = A
$ S
=~ e ik
e oA = 'y 5!
IS i A

s L 40y ° 3 CWLLRC CWM. LDMC

] T < — -
g |° ®ea oFdvarIN = 37— —= CWM. H
& ® e = g CWM. gL - ACWM. LNC
- A
o — o
S e o=
°\a o\° > A
& 0 ° &0 ) CWM: WD
-5 0 40 80 3 0 40 80
Axis 1: % of variance= 47.21 %; Eigenvalue= 2.89 Axis 1: % of variance= 78.05 %; Eigenvalue= 5.46
-
- —
-+

1 s 60

L 0 L ‘ d)

L~ . o 2 .

= .0 L g

@

2 80 s %o o, o

e * A " » = \‘?Q- .

= re) e - B

~ S+p —&m =

o . B W s ™,

g A . — T E &

I & H - )

3 40 N 00

» 2

S g

: s

-

2 £

.(; 0 a4 0 A

4 0 40 80 i 0 40 80

Axis 1: % of variance= 72.44 %; Eigenvalue= 3.62 Axis 1: % of variance=85.89 %; Eigenvalue= 3.42

Appendix 1. Principal Component Analysis (PCA) ordination diagrams showing distribution of
the plots along the first two axes when using only one diversity approach; functional divergence
(a), functional composition (b), taxonomic diversity indices (c) and structural indices (d); CWM:
community weighted mean, Fdvar: functional divergence, LPC: leaf phosphorus concentration,
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content, SLA: specific leaf area, WD: wood density, MI: mingling index, HDif: height
differentiation, Ddif: diameter differentiation, S: Richness , H': Shannon—Wiener index and E:
evenness. Plots are identified by two letters, the first letter refers to the dieback intensity class (L,

M, H, C) i.e. low, medium, high or control (no dieback), while the second letter refers (D and P)
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to the degraded or protected area. Blank and solid symbols indicate degraded and protected areas,

respectively.

Table 1. Results of the GLM with dieback intensity, management and their interaction as fixed
factors and soil carbon storage as dependent variables. The statistics are degrees of freedom (df),

mean square (MS), F-value (F) and levels of significance (*** P <0.001, ** P <0.01, * P <0.05).

soil carbon storage

Source of variation

df MS F
Dieback intensity 3 2229.2 5.40%**
management 1 7556.7 18.31%**
Dieback intensity X Dieback intensity 3 1124.5 2.71*
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Table 2. Results of multiple regressions between soil carbon storage and different diversity

approaches (functional divergence (FD), functional composition (FC), taxonomic diversity (TD)

and structural diversity (SD))

Diversity Variable included in the multiple regression The final model R? p
approaches
FD FDvar-WD CS =86.27 FDvar-WD + 72.77 0.088 0.034
FC CWM-LPC, CWM-LNC, CWM-H, CWM-LDMC, CS = - 0.034 CWM-LDMC + 96.23 0.158 0.000
CWM-SLA
TD S,H,E CS=6.76 S+ 68.76 0.173 0.000
SD MI, HD, DD CS=2721MI+74.26 0.214 0.000
Total model FDvar-WD, CWM-LDMC, S, MI CS=27.28 MI +75.28 0.173 0.002

CS: carbon storage, CWM: community weighted mean, FDvar: functional divergence, LPC: leaf phosphorus

concentration, LNC: leaf nitrogen concentration, H: mean of woody species height, LDMC: leaf dry-matter content,

SLA: specific leaf area, WD: wood density, MI: mingling index, HD: height differentiation, DD: diameter

differentiation, S: Richness, H': Shannon—Wiener index and E: evenness



897

898 Table 3. Pearson's coefficients of correlation between PCA scores and the different diversity
899 indices
Diversity approache: Indices PC1 PC2
CWM.LPC -0.8 ** -0.25
CWM.LNC 0.968 ** -0.22
Functinal compositior CWMH 0.98 ™ 016
CWM.LDMC 0.968 ** -0.22
CWM.SLA -0.96 ** 0.248
CWM.WD 0.419 * 0.844 **
FDvar.LNC -0.44 * 0.587 *
FDvar.LPC 0.001 -0.54 *
Functinal divsersity FDvar.H 0897 035
FDvar.SLA -0.14 0.33
FDvar.LDMC -0.56 * 0.370
FDvar.WD -0.76 ** -0.55 %
MI -0.82 ** 0.224
Structural diversity Hdif -0.88 ** 0.305
Ddif -0.87 ** 0.314
R -0.9 ** -0.16
Taxonomic diversity H' -0.68 * -0.72 **
E 0.956 ** -0.11
900 Note: * and ** represent significant correlation at 0.05 and 0.01; CWM: community weighted mean, Fdvar:
901 functional divergence, LPC: leaf phosphorus concentration, LNC: leaf nitrogen concentration, H: mean of woody
902 species height, LDMC: leaf dry-matter content, SLA: specific leaf area, WD: wood density, MI: mingling index,
903 HDif: height differentiation, Ddif: diameter differentiation, S: Richness, H": Shannon—Wiener index and E:
904 evenness
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