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A B S T R A C T

Spontaneous forest expansion following land abandonment can play a key role in achieving European targets for 
climate-change mitigation and biodiversity conservation. Understanding how biodiversity relates to carbon (C) 
stocks across successional stages can inform management strategies that simultaneously promote species di
versity and C sequestration, thereby optimizing land use for ecosystem multifunctionality. We analysed 16 
chronosequences spanning five successional stages, from meadows and pastures to mature forests (up to ~75 
years since abandonment), organized into four clusters along a latitudinal gradient in Italy, encompassing the 
Alpine, Continental, and Mediterranean biogeographical regions. We quantified vegetation, deadwood, and soil 
C pools and calculated diversity indices for herbaceous plant species. Linear and generalized linear mixed models 
were used to assess successional stage and site effects on C stocks and diversity indices. Total ecosystem C 
increased along succession, driven primarily by tree biomass, reaching 195–289 Mg C ha− 1 in late-successional 
forests. Soil C showed no clear successional trend, with weak or site-specific patterns. Herbaceous species 
richness and diversity peaked in managed meadows/pastures and early encroachment stages but declined to
wards closed-canopy forests in three sites. By contrast, a U-shaped pattern emerged in the southernmost site. 
Consequently, the C–diversity relationship was predominantly negative, except for the non-linear response 
observed in the Mediterranean site. Overall, spontaneous reforestation promotes C storage but often reduce 
herbaceous plant diversity, revealing potential trade-offs between climate mitigation and plant diversity. 
However, under favourable environmental conditions, partial recovery of plant diversity in late-successional 
forests may occur, suggesting for win-win management policies.

1. Introduction

Forest ecosystems play a pivotal global role in addressing two of the 
most pressing environmental challenges of our time: biodiversity loss 
and climate change (Grassi et al., 2017; Kikstra et al., 2022; Shin et al., 
2022). They support most terrestrial biodiversity (FAO and UNEP, 2020) 
and provide essential ecosystem services for human well-being (Mori 
et al., 2017; Thompson et al., 2011), including carbon (C) sequestration 

and storage in both above- and below-ground pools (Friedlingstein et al., 
2020; Pan et al., 2024).

While forest cover continues to decline in many parts of the world, 
particularly in tropical and sub-tropical regions, due to ongoing defor
estation and land-use change (FAO and UNEP, 2020), Europe has 
experienced a steady increase in forest area over recent decades, mainly 
driven by natural succession after land abandonment (FAO and UNEP, 
2020; Palmero-Iniesta et al., 2021). This spontaneous forest expansion is 
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particularly relevant for achieving European targets related to global 
warming mitigation and biodiversity conservation (Pugh et al., 2019; 
Fayet and Verburg, 2023). Natural reforestation now affects tens of 
thousands of square kilometres (Frei et al., 2024) and is expected to 
continue, as rural depopulation and agricultural abandonment persists 
—some projections suggests that up to 15 % of cultivated land present in 
2000 will be abandoned by 2030 (Verburg and Overmars, 2009; Castillo 
et al., 2018). These naturally expanding forests are increasingly recog
nised as potential nature-based solutions (NBSs) (Seddon et al., 2020), 
offering opportunities to enhance C sequestration and provide habitat 
for a wide range of plants, animals, and fungi, but can also generate 
trade-offs, such as the increase in fire risk (Oliveira et al., 2017), land
scape homogenization (Jongman, 2002; Cimini et al., 2013), and 
reduced water availability (López-Moreno et al., 2011). Moreover, the 
ecological responses to land abandonment are highly context-dependent 
and remain debated (Nadal-Romero et al., 2023).

To fully characterize total ecosystem C stocks, it is essential to ac
count for all major pools: living biomass, dead organic matter, and soil 
(Penman et al., 2003). Living biomass, litter and woody debris generally 
increases along successional gradients (Alberti et al., 2008; Pellis et al., 
2019). Soil organic C (SOC) dynamics are more variable, depending on 
local climate and previous land use (Alberti et al., 2008; Jackson et al., 
2002; Pellis et al., 2019). SOC generally increases when succession fol
lows croplands (Guo and Gifford, 2002; Yang et al., 2016; Bell et al., 
2021), whereas patterns from pastures or meadows are variable. In fact, 
previous studies show pastures-to-forest transition often reduces SOC 
(Guo and Gifford, 2002; Alberti et al., 2008; Fino et al., 2020), especially 
under high precipitation (Jackson et al., 2002). Some evidence also in
dicates that soil C tends to remain stable especially in early abandon
ment stages (Nezhad et al., submitted).

While natural forest expansion’s role in climate mitigation is estab
lished, effects on plant diversity are context-dependent (Frei et al., 
2024). In temperate regions, plant diversity often follows a U-shaped 
trajectory during succession, namely lower in mid-successional dense 
stands and higher in early and late stages (Hilmers et al., 2018). In 
arid/semi-arid regions, diversity may peak at mid-succession (Qianwen 
et al., 2022). Tropical forests often increase in richness in later stages 
(Salete Capellesso et al., 2021; van der Sande et al., 2024), whereas 
Mediterranean and Alpine sites may lose species (Amici et al., 2013; 
Höchtl et al., 2005). Grassland degradation and reforestation can thus 
negatively impact biodiversity and ecosystem multifunctionality 
(Prangel et al., 2023).

Understanding how biodiversity relates to C pools across succes
sional stages can help balance diversity conservation and C sequestra
tion strategies (Van de Perre et al., 2018). Evidence for positive plant 
diversity–C relationships derives mainly from tropical forests, and pri
marily focuses on tree species (Cavanaugh et al., 2014; Poorter et al., 
2015; Sullivan et al., 2017). Relationships vary across taxa, with positive 
associations often limited to trees (Van de Perre et al., 2018), and is 
weak or variable in temperate forests (Sabatini et al., 2019; Potter and 
Woodall, 2014; Wu et al., 2015). Thus, previous findings highlight the 
complexity of the biodiversity–C relationship and underscore the need 
for context-specific analyses. Secondary successions provide natural 
laboratories to investigate these relationships over time.

Successional dynamics are commonly investigated using two main 
approaches: (i) permanent or semi-permanent plots with long-term 
observation and (ii) chronosequences, based on a space-for-time sub
stitution approach (Pickett, 1989; Řehounková et al., 2024). Here, we 
adopted a space-for-time substitution approach to investigate trends in 
herbaceous plant diversity and C stocks along secondary successional 
gradients following the abandonment of meadows and pastures. We 
established 16 chronosequences, each composed of five successional 
stages, organized into four clusters representing distinct sites along a 
latitudinal gradient in Italy (Friuli Venezia Giulia, Tuscany, Abruzzo, 
and Basilicata administrative regions), thus encompassing the Alpine, 
Continental, and Mediterranean biogeographical regions. In total, 80 

plots were sampled, covering approximately 75 years of natural suc
cession. We hypothesised that (i) total ecosystem C stock would increase 
along the successional gradient, with living tree biomass progressively 
replacing soil as the dominant C pool; (ii) plant diversity would decline 
from open habitats to closed-canopy forests, primarily due to the loss of 
light-demanding species, and (iii) trade-offs would emerge between C 
accumulation and plant diversity, with potential management implica
tions for balancing climate change mitigation with the preservation of 
species-rich open habitats.

2. Materials and methods

2.1. Study sites

The study was conducted along a latitudinal gradient of about 
700 km in Italy (Fig. 1). Four study sites were selected in different Italian 
administrative regions for investigation: Friuli Venezia Giulia, Tuscany, 
Abruzzo, and Basilicata. The main climatic characteristics of each study 
site, including mean annual temperature and total precipitation, are 
presented in Table 1.

The northernmost site, located in Friuli Venezia Giulia region, has 
the highest mean annual temperature and precipitation. Forest vegeta
tion is dominated by European ash (Fraxinus excelsior L.) and sycamore 
maple (Acer pseudoplatanus L.), with additional presence of hop horn
beam (Ostrya carpinifolia Scop.), chestnut (Castanea sativa Mill.), and 
hazel (Corylus avellana L.). In the Tuscany site, the dominant species are 
Turkey oak (Quercus cerris L.) and European beech (Fagus sylvatica L.), 
with less frequent occurrences of hop hornbeam, sycamore maple, and 
wych elm (Ulmus glabra Huds.). The site in Abruzzo, which is the highest 
in elevation and the coldest, is dominated by European beech and 
Turkey oak. The same tree species also dominate the forests of the 
southernmost site, located in the Basilicata region.

The four sites are located in areas belonging to the beech forest 
vegetation series (Blasi and Rosati, 2010) and share a common history of 
significant depopulation beginning in the 1950s, which led to the 
widespread abandonment of grasslands, meadows, pastures and culti
vated land (Malandra et al., 2018; Agnoletti et al., 2022).

2.2. 2.2 Sampling design and data collection

For each site, four chronosequences were identified using historical 
georeferenced orthophotos following the approach proposed by Panico 
et al., (2025). Through photointerpretation, we identified landscape 
patches where land use transitioned from meadow/pasture to forest over 
the past 70 years. A time series of orthophotos dated 1954, 1978, 2000, 
and 2020 was analysed to detect these changes. The age of each suc
cessional stage was assigned as the midpoint between the dates of the 
two images used to documenting the transition. This procedure allowed 
us to reconstruct five stages (Fig. 1): (i) patches still managed as 
meadows or pastures in 2024 (stage 0); (ii) newly established forests that 
expanded between 2000 and 2020 (stage I; about 14 years since aban
donment); (iii) intermediate forests that developed between 1978 and 
2000 (stage II; about 35 years since abandonment); (iv) late-successional 
forests established between 1954 and 1978 (stage III; about 58 years 
since abandonment); and (v) old forests present since at least 1954 
(stage IV; about 75 years since abandonment).

A total of 80 plots were sampled in the field (4 sites × 4 chro
nosequences × 5 succession stages), with all forest stages restricted to 
undisturbed stands showing no signs of recent management. In each 
successional stage, a circular plot with a 13 m-radius was established for 
dendrometric data collection following the protocol of the Italian Na
tional Forest Inventory (Gasparini et al., 2022). Within each plot, all 
trees with a diameter at breast height (DBH) greater than 9.5 cm were 
measured, while those with a DBH between 4.5 cm and 9.5 cm were 
surveyed within a 4-m radius concentric subplot. For each tree, species 
identity and vitality (living, unbroken snag, broken snag, stump) were 
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recorded; total height was measured for all stumps and snags only and 
for a subset of living trees distributed in different diameter classes. For 
each piece of lying deadwood with a minimum diameter of 10 cm, the 
total length and the diameters at the upper and lower ends were 
measured, and decay status was classified into five classes (Di Cosmo 
et al., 2013). Woody debris with diameters between 2.5 cm and 10 cm 
was surveyed using the line-intersect method proposed by Harmon and 
Sexton (1996), applying an equilateral-triangle transect with 10 m sides, 
centred within each plot. Herbaceous and shrub species height was 
measured every 2 m along each side of the triangular transect (15 
sampling points in total) to estimate plot-level biomass following Ascoli 
et al. (2020). Litter was collected in 40 cm × 40 cm subplot at the centre 
of each side of the triangular transect. After litter removal, soil cores 
(5 cm inner diameter, 0–30 cm depth) were collected using a split-tube 

soil corer (Eijkelkamp, The Netherlands) and its two main layers, the 
organic (O) and the mineral (A) horizons, were identified by colour 
differences in the field. After recording their thickness, they were 
physically cut at the boundary and stored in different bags for laboratory 
analysis.

Vegetation surveys were conducted in three 5 m × 5 m subplots 
randomly located within the 13 m radius plot. In each of these subplots, 
the percentage cover of trees, shrubs, and herbaceous layer, was visually 
estimated. The surveys were carried out in late spring/early summer.

Fig. 1. Panel A shows the location of the four study sites distributed in Italy. Coloured dots indicate the centroid of each site: Friuli Venezia Giulia (FVG; green), 
Tuscany (orange), Abruzzo (blue), and Basilicata (purple). Panel B illustrates the sampling design using Tuscany as an example, in which plots area clustered into four 
chronosequences and shades of orange colour represent different successional stages (0, I, II, III, IV, V). Each site follows the same chronosequence structure. Co
ordinates are reported in EPSG:4326 (WGS84).

Table 1 
Characteristics of the four study sites. For each site, mean elevation, mean annual temperature, mean annual precipitation, and biogeographical region (EEA, 2024) are 
reported. Coordinates correspond to the centroids of the chronosequences (EPSG: 4326; WGS84). Climatic values are long-term means (WorldClim v2; Fick and 
Hijmans, 2017).

Site Coordinates (WGS84) Mean elevation 
(m a.s.l)

Mean annual temperature (◦C) Mean annual precipitation (mm) Biogeographical region

Friuli Venezia Giulia 46◦26’N, 13◦31’ E 580 11 2660 Alpine
Tuscany 43◦77’N, 11◦90’ E 900 10 1460 Continental
Abruzzo 42◦70’N, 13◦54’ E 1180 9 890 Continental
Basilicata 39◦97’N, 16◦18’ E 1060 10 890 Mediterranean
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2.3. Biomass and carbon stocks assessment

2.3.1. Vegetation biomass

2.3.1.1. Standing trees and their roots. The biomass of living trees was 
estimated with the R package allodb (Gonzalez-Akre et al., 2022), using 
the individual dendrometric data collected in the field. Total above
ground tree biomass at the plot level was then calculated as the sum of 
all surveyed trees and expressed as Mg per hectare [Mg ha− 1], consid
ering the plot size. The root biomass per hectare of standing trees at the 
plot level was estimated by multiplying the aboveground tree biomass 
by the root-to-shoot ratio reported by Eggleston et al. (2006).

2.3.1.2. Shrubs and their roots. Shrub biomass per hectare was esti
mated using allometric equations for the dominant shrub species present 
in each plot (Riccardi et al., 2007; Smith and Brand, 1983). These spe
cies- or genus- specific equations use average shrub cover, calculated as 
the ratio between the number of sampling points with shrub presence 
and the total number of points along the transect, and mean shrub height 
(for more details see Alberti et al., 2024). For those lacking 
species-specific equations, total biomass was estimated using the general 
equation for macro-phanerophytes by De Cáceres et al. (2019). Shrub 
root biomass was calculated using the same approach as for the roots of 
standing living trees.

2.3.1.3. Herbaceous species and their roots. Grass and herb biomass was 
estimated using height-based allometric equations: the equation from 
Halpern et al. (1996) for herbaceous vegetation shorter than 20 cm; the 
equation from Bovio and Ascoli (2013) for herbaceous vegetation be
tween 20 cm and 40 cm; and the one from Mou (2015) for herbaceous 
vegetation taller than 40 cm. Grass and herb root biomass was calcu
lated using a root-to-shoot ratio of 4, as suggested by Eggleston et al. 
(2006) for cold temperate and warm temperate wet grasslands.

The total vegetation biomass [Mg C ha⁻¹ ] was then obtained as the 
sum of the aboveground and belowground components of standing 
trees, shrubs, and herbaceous species.

2.3.2. Deadwood biomass

2.3.2.1. Snags, stumps, and their roots. Snag and stumps’ biomass was 
quantified applying a biomass reduction factor to correct the potential 
overestimation resulting from lower wood density in different decay 
stages, following Bitunjac et al. (2023). The biomass of snag and stump 
roots was determined by applying the root-to-shoot ratio from Eggleston 
et al. (2006) on the biomass of a tree of DBH equal to the diameter of the 
snag or stump calculated using the allodb R package.

2.3.2.2. Lying deadwood and woody debris. The biomass of lying logs 
with a diameter > 10 cm was quantified using a formula based on the 
equation of a truncated cone, also considering the basic density of lying 
deadwood decay class retrieved from Bitunjac et al. (2023).

The biomass of woody debris (diameter>2.5 cm and < 10 cm;) was 
calculated following Harmon and Sexton (1996), using data surveyed 
using the line-intersect method in the field (three linear transects of 
10 m each arranged as a triangle in the centre of the plot).

After scaling all the biomass data to the hectar, the total deadwood 

biomass 
[
Mgha− 1

]
was calculated by summing all the individual com

ponents, namely snags and stumps (including their roots), lying logs, 
woody debris.

2.3.3. Vegetation and deadwood carbon stock quantification
Vegetation C stocks [Mg C ha− 1] were obtained by applying a con

version factor of 0.47 to vegetation biomass, corresponding to the 
average C content of living trees (Eggleston et al., 2006).

Considering that the C fraction remains largely constant across decay 
stages, an average conversion factor of 0.475 for broadleaves and 0.505 
for conifers was used to obtain deadwood carbon stock [Mg C ha− 1] 
from the total deadwood biomass (Bitunjac et al., 2023).

2.3.4. Soil carbon stock quantification
Soil C stocks were quantified separately for organic and mineral soil 

horizons. Bulk density was determined from soil cores by recording the 
fresh weight of the entire sample and separating the coarse fraction 
(>2 mm) from the fine earth fraction through sieving. A subsample of 
the fine earth fraction was oven-dried at 70 ◦C for 48 h to determine soil 
moisture content by gravimetric method (FAO., 2023). Bulk density was 
then calculated by relating the oven-dry mass of the fine earth fraction to 
the volume of the sampled soil horizon.

From each fine earth subsample, a portion was pulverized with a ball 
mill and analysed for carbon concentration (%C) using a CHN elemental 
analyser (Elementar Italia S.r.l.; Vario Micro Tube CHNSO). Prior to 
analysis, samples were treated with HCl (1:2 v/v) to remove carbonates 
(Nieuwenhuize et al., 1994). Each measurement was performed in 
triplicates. Soil carbon stocks for each horizon were calculated by 
combining bulk density, horizon thickness, and measured carbon con
centration, and expressed on an area basis.

Full details of procedures and equations used are provided in the 
Supplementary Materials 2 (SM2).

2.4. Plant diversity indices

After averaging cover values of the three subplots recorded for each 
plot, three α diversity indices, namely species richness (S), Shannon 
diversity (H) and Pielou’s evenness (J), were calculated for the herba
ceous plant species using the ‘diversity’ function in the vegan R package 
(Oksanen et al., 2001).

2.5. Statistical analysis

All statistical analyses were performed in R environment (R Core 
Team, 2024). To account for the hierarchical sampling design, we used 
linear mixed-effects models (LMMs) and generalized linear 
mixed-effects models (GLMMs), including the chronosequence as a 
random effect in all models. Vegetation and total C stocks displayed 
heteroscedasticity and skewed distributions; therefore GLMMs with a 
Gamma distribution and log-link function were fitted, following the 
recommendations of Wilson et al. (2025). Deadwood C stocks also 
showed heteroscedasticity and deviations from normality; since a 
Gamma GLMM did not provide an adequate fit, this variable was 
modelled using a log-transformed LMM. By contrast, soil C stocks dis
played an approximately symmetric distribution with homogeneous 
variance, making Gaussian LMM appropriate. Diversity indices (species 
richness, Shannon diversity, and Pielou’s evenness) were modelled 
using Gaussian LMMs, as residual inspection indicated no strong devi
ation from normality. For all response variables, Successional stages 
(five classes: 0, I, II, III, and IV) and Site (Friuli Venezia Giulia, Tuscany, 
Abruzzo, Basilicata) were included as fixed effects, along with their 
interaction (Successional stages × Site). Model assumptions were 
checked using the DHARMa package (Hartig, 2024). Post-hoc compar
isons among successional stages within each site, and among sites within 
each successional stage, were performed using estimated marginal 
means (emmeans package; Lenth, 2024) with Sidak adjustment for 
multiple testing. The significance of the fixed effects on C stocks and 
diversity indices was assessed using ANOVA based on F-tests for LMMs 
and Wald χ² tests with type-III analysis of variance for GLMMs, allowing 
evaluation of the relative contribution of predictors and their in
teractions to observed successional patterns.

To explore the relationship between herbaceous plant diversity 
indices and total C stock, orthogonal second-degree polynomial regres
sion models were fitted separately for each site following Van de Perre 
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et al. (2018). This approach enabled testing whether the relationship 
was best described by a linear or a quadratic form. When only the linear 
term was significant, the linear model was reported; when the quadratic 
term was significant, the polynomial model was reported. Model fit was 
evaluated using the coefficient of determination (R²) and the signifi
cance of regression terms.

3. Results

3.1. Carbon stocks

Excluding the managed stage (stage 0), where SOC is the dominant 
pool, living trees represented the main C compartment across all suc
cessional stages (Fig. 2), particularly in old forests, where mean values 
reached the maximum of 247 Mg C ha− 1 in Basilicata. Soil C was the 
second largest contributor throughout succession, while herbaceous 
vegetation contributed substantially only to the earlier successional 
stages and declined sharply in later successional stages. Deadwood C 
increased with stand age but remained, together with shrubs, a minor 
component throughout.

Total ecosystem C stocks increased across successional stages in all 
sites (Successional stage effects: χ² = 81.8, df = 4, p-value < 0.001; Fig. 3
E; Table S4.2). Significant effects were also detected for Site (χ² = 24.6, 
df = 3, p-value < 0.001; Table S4.2), and for Site × Successional stage 

interactions (χ² = 59.9, df = 12, p-value < 0.001; Table S4.2). Post-hoc 
comparisons showed that, at stage 0, the Basilicata site started from 
significantly lower C stocks than Friuli Venezia Giulia and Abruzzo (p- 
value = 0.0001 and p-value = 0.0002 respectively), while Tuscany 
displayed intermediate values. At later successional stages, Basilicata 
reached significantly higher vegetation C stocks than Abruzzo (p-value 
= 0.0062), with Friuli Venezia Giulia and Tuscany occupying interme
diate positions. Basilicata showed the steepest accumulation, reaching 
nearly 290 Mg C ha− 1 in stage IV.

Vegetation C was the largest C pool - showed significant effects of 
Successional stage (χ² = 105.9, df = 4, p-value < 0.001; Table S1.2), Site 
(χ² = 11.7, df = 3, p-value = 0.008; Table S1.2) and their interaction (χ² 
= 49.1, df = 12, p-value < 0.001; Table S1.2). Estimated means 
increased from stage 0 to the oldest stage of the chronosequence 
(Fig. 3A). Significant differences in deadwood C across the chronose
quence were only found in Tuscany, where dead organic matter 
increased progressively. Across sites, significant differences emerged 
only in successional stages I and II, with Friuli Venezia Giulia displaying 
higher predicted values (Fig. 3 B; Table S2.3).

Soil C displayed a distinct pattern. Successional stage alone had no 
significant effect (F = 1.90, p-value = 0.13; Table S3.2), whereas the 
effect of Site (F = 15.8, p-value < 0.001; Table S3.2) and Site 
× Successional stage were significant (F = 2.56, p-value = 0.011; Fig. 3
C; Table S3.2). Across successional stages, Friuli Venezia Giulia and 

Fig. 2. Barplots of mean C stocks partitioned among different pools across successional stages in the four study sites: Friuli Venezia Giulia (FVG), Tuscany, Abruzzo, 
and Basilicata. Positive values represent vegetation and deadwood C compartments: living trees (including roots), shrubs (including roots), herbaceous species 
(including roots), and deadwood (coarse and fine woody debris, dead trees, and stumps). Negative values, plotted symmetrically for visualization, correspond to soil 
C pools: soil C in the organic horizon (soil organic) and soil C in the mineral horizon (soil mineral). Black bars represent aggregated standard error for vegetation and 
soil C pools. Shrub C stocks are not visually apparent in the barplots due to their low contribution.
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Fig. 3. Trends in vegetation (A), deadwood (B), soil (C), and total ecosystem C stocks (E) [Mg C ha⁻¹ ] across chronosequences in the four study sites. Values 
represent predicted means (± 95 % confidence intervals) derived from generalized linear mixed-effects models (vegetation and total ecosystem C) and linear mixed- 
effects models (deadwood and soil C). Lowercase letters denote significant pairwise differences among stand ages within each study site (Sidak-adjusted post-hoc 
tests). Grey points represent raw plot-level observations. The ratio between vegetation and soil C predicted values is also shown (D). Site-specific trends are rep
resented by different colours: Friuli Venezia Giulia (FVG; green), Tuscany (orange), Abruzzo (blue), and Basilicata (purple).
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Abruzzo generally maintained the highest soil C stocks, Tuscany had 
intermediate values, and Basilicata consistently had the lowest. In Friuli 
Venezia Giulia, soil C showed a marked trajectory: a significant decrease 
from stage 0 to stage I (p-value < 0.05), followed by a recovery to values 
comparable to the initial level in later successional stages (about 60 Mg 
C ha− 1). The ratio between vegetation and soil C stocks generally 
increased along the succession, indicating greater accumulation in living 
biomass compared to soil (Fig. 3 D). While this ratio typically reached 
values of about 2.5 – 4 in the stage IV, the Basilicata site showed a much 
stronger imbalance, with vegetation C stocks exceeding soil C stocks by a 
factor of 8.6. Full summaries of all statistical models are provided in the 
Supplementary Materials 1 (SM1; from Table S1.1 to Table S4.3).

3.2. Plant diversity

Across the four study sites, a total of 384 plant species were recorded 
throughout the chronosequences. Plant species richness at the site level 
increased from South to North, with Friuli Venezia Giulia hosting the 
highest number of species (197). Herbaceous species richness ranged 
from 106 species in Basilicata to 167 in Friuli Venezia Giulia, while 
shrub richness varied from 7 species in Abruzzo to 13 in Basilicata. The 
lowest number of tree species was found in Abruzzo (9 species), followed 
by Basilicata (14), with both Friuli Venezia Giulia and Tuscany hosting 

17 species. Venn diagrams (Figure S1) show that the proportion of 
herbaceous species shared between all four sites across successional 
stages is relatively low (6 % of total species; 19 species). Tuscany and 
Abruzzo were the most similar in herbaceous species composition, 
whereas Basilicata and Friuli Venezia Giulia showed the lowest overlap. 
Friuli Venezia Giulia emerged as the site with the highest number of 
unique species (119), a pattern consistent across individual successional 
stages. Within each successional stage, the number of species shared 
between any two sites generally did not exceed 20, except for Tuscany 
and Abruzzo, which shared 31 species at stage 0, and 27 species in stages 
I, II, and III. The lowest levels of overlap were observed between Friuli 
Venezia Giulia and the other three sites in the later successional stages 
(II, III, and IV).

LMMs revealed significant effects of Successional stage (F = 12.38, p- 
value < 0.001), Site (F = 6.08, p-value = 0.001), and their interaction (F 
= 1.96, p-value = 0.045) on species richness (Fig. 4 A; Table S5.2). Post- 
hoc comparisons indicated that stage 0 supported the highest values 
across sites (~30 species), except Friuli Venezia Giulia, where the peak 
occurred in the transitional stage I (~38 species), significantly higher 
than in all other sites (Table S5.3). By contrast, Basilicata showed a 
marked decline at stage I followed by a slight increase in the later stages. 
At intermediate successional stages, richness converged across sites 
(20–23 species), whereas at stage IV values remained low, with Abruzzo 

Fig. 4. Trends in herbaceous species richness (S; panel A), Shannon’s entropy (H; panel B), and Pielou’s evenness (J; panel C) across chronosequences in the four 
study sites. Values represent predicted means (± 95 % confidence intervals) from linear mixed-effects models. Lowercase letters indicate significant pairwise dif
ferences among stand ages within each site (Sidak-adjusted post-hoc tests). Grey points represent raw plot-level observations. Site trends are shown in different 
colours: Friuli Venezia Giulia (FVG; green), Tuscany (orange), Abruzzo (blue), and Basilicata (purple).
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showing the lowest and Friuli Venezia Giulia site the highest.
For Shannon diversity, both Site (F = 5.47, p-value = 0.002) and 

Successional stage (F = 4.81, p-value = 0.002) were significant, while 
their interaction was not (Table S6.2). Abruzzo was the only site 
exhibiting significant shifts in Shannon’s index across succession, with 
the highest values in stage 0 and lower in stage IV (p-value = 0.016; 
Fig. 4 B). Friuli Venezia Giulia maintained the highest values at stage I 
(H = 2.39), significantly higher than Abruzzo and Basilicata. At stage IV, 
Abruzzo showed the lowest Shannon diversity, whereas Basilicata 
retained higher values (Table S6.3).

Pielou’s evenness was primarily influenced by Site (F = 5.11, p-value 
= 0.003), while neither Successional stage nor the interaction were 
significant (Fig. 4 C; Table S7.2). Significant differences among sites 
occurred in stage I, where Friuli Venezia Giulia displayed values 
significantly higher than Abruzzo, with Basilicata and Tuscany showing 
intermediate values (Table S7.3). Complete summaries of the statistical 
models are provided in the Supplementary Materials 1 (SM1; from Tabel 
S5.1 to Table S7.3).

3.3. Relationships between carbon stock and plant diversity

Orthogonal polynomial regressions were applied to assess linear and 
quadratic relationships between total ecosystem C stocks and plant di
versity indices across the four study sites. Significant associations were 
detected between species richness and Shannon diversity and C stock, 
showing broadly similar patterns.

For species richness (Fig. 5), negative linear effects of C were 

detected in Friuli Venezia Giulia (β = –15.8, p = 0.025, R² = 0.32), 
Tuscany (β = –19.7, p = 0.005, R² = 0.42) and Abruzzo (β = –22.1, 
p = 0.027, R² = 0.28). By contrast, the Basilicata site exhibited a U- 
shaped relationship, driven by a strong positive quadratic component (β 
= 21.6, p < 0.001, R² = 0.67).

Shannon diversity (Figure S1 B) showed weaker but comparable 
trends: a negative relationship with C stocks in Friuli Venezia Giulia site 
(β = –0.88, p = 0.019, R² = 0.33) and a non-significant declines in 
Tuscany and Abruzzo, while Basilicata again displayed a non-linear 
response (quadratic β = 1.28, p = 0.003, R² = 0.41) (Figure S2 B).

By contrast, Pielou’s evenness (Figure S2 C) was not significantly 
related to total ecosystem C stocks at any site (p > 0.05).

4. Discussion

4.1. Carbon stocks dynamics along succession

Our findings show that secondary succession on agricultural land 
with management cessation leads to an overall increase in total 
ecosystem C stock at all study sites. This evidence confirms our hy
pothesis and aligns with previous studies (Thuille and Schulze, 2006; 
Alberti et al., 2008; Hiltbrunner et al., 2013; Guidi et al., 2014; Pellis 
et al., 2019). In the stage 0, total C was predominantly stored in the soil 
(61 – 73 % of the total), while in later successional stages vegetation C 
became the dominant pool, with living trees biomass emerging as the 
main driver of ecosystem C accumulation over time. Total ecosystem C 
stocks reached up to 289 Mg C ha− 1 in Basilicata in the oldest stands, 

Fig. 5. Relationships between herbaceous species richness and total ecosystem C stocks across the four study sites: Friuli Venezia Giulia (FVG; green), Tuscany 
(orange), Abruzzo (blue), and Basilicata (purple). Each point represents a field plot, color-coded by successional stage. Regression lines correspond to either linear 
models or quadratic polynomial models, with shaded areas indicating 95 % confidence intervals. When significant, R² and significance levels for the linear (L) and 
quadratic (Q) components (* = p < 0.05; ** = p < 0.01; *** = p < 0.001) are reported within each panel.
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where living trees accounted for up to 85 % of total C, while soil C al
ways played a comparatively minor role (Alberti et al., 2008; Badala
menti et al., 2019; Weissgerber et al., 2024).

Previous meta-analyses have reported that abandoned grasslands do 
not show consistent SOC gains following natural reforestation, with 
highly variable responses across sites (Guo and Gifford, 2002; Poeplau 
et al., 2011). Similarly, Nezhad et al. (submitted) reported that sec
ondary succession on abandoned grasslands contributes little to SOC 
sequestration in the short term, with outcomes strongly dependent on 
ecoregion, soil type, and forest type. Our findings partly reflect this 
variability. In the Basilicata and Tuscany sites, no significant differences 
in SOC were observed across successional stages, a pattern consistent 
with recent evidence from secondary succession in central France 
(Weissgerber et al., 2024). The absence of clear SOC changes may reflect 
a balance between increased C inputs from higher litter and root 
biomass and increased microbial decomposition and stabilization pro
cesses (Thuille and Schulze, 2006; Qiao et al., 2019). By contrast, the 
Friuli Venezia Giulia and Abruzzo sites showed distinct SOC trajectories. 
In Abruzzo, SOC decreased from stage 0 to stage III, followed by a slight 
recovery in the oldest forests. In Friuli Venezia Giulia, SOC dropped 
sharply between stage 0 and stage I and then returned to levels similar to 
the initial stage in later successional phases. Thuille and Schulze (2006)
observed comparable SOC losses during the first 10–15 years of suc
cession, a timeframe consistent with our age estimates for stage I stands. 
This decline may be linked to the dominance of r-strategist microbial 
communities in early succession, characterized by high respiration rates 
and rapid C consumption (Zhou et al., 2017), together with the fact that 
woody biomass does not immediately contribute to soil C in the first 
stages after abandonment (Alberti et al., 2011). Moreover, the loss of 
fine roots with rapid turnover typical of meadows and pastures reduces 
soil C inputs, while the replacement of arbuscular mycorrhizae typical of 
grasslands with ecto- and ericoid mycorrhizae may enhance organic 
matter oxidation, further contributing to SOC decline (Thuille and 
Schulze, 2006). Although our study was limited to the upper 30 cm of 
soil, this layer contains the largest fraction of total SOC (Jobbágy and 
Jackson, 2000) and is the most sensitive to C stock changes during 
secondary succession (Poeplau et al., 2011). Furthermore, subsoil layers 
generally respond to land-use change in the same direction as the topsoil 
(Poeplau and Don, 2013). Climate is also an important driver of soil C 
dynamics during secondary succession. Jackson et al. (2002) reported a 
negative correlation between precipitation and SOC changes in grass
lands undergoing woody encroachment. In humid environments, highly 
productive grasslands tend to allocate more C to belowground biomass 
and can maintain higher SOC levels than regenerating forests, thereby 
limiting the potential for SOC accumulation following reforestation.

4.2. Plant diversity dynamics along succession

Plant diversity exhibited a latitudinal gradient across the study sites, 
with higher species richness observed at northern sites compared to 
southern ones. Our results highlight clear successional patterns in plant 
diversity across the investigated chronosequences. Managed and earlier 
successional stages exhibited the highest levels of species richness, fol
lowed by a progressive decline in older forests. Shannon diversity 
mirrored the trends of richness, although differences across successional 
stages were less pronounced. Pielou evenness remained relatively con
stant along the succession. The significant interaction between succes
sional stage and site for species richness indicates that richness 
trajectories are not uniform across sites but are strongly influenced by 
the local conditions and land-use history. By contrast, Shannon diversity 
was independently affected by both site and successional stage, without 
a significant interaction, suggesting that while the number of species 
varies according to local floristic composition and environmental 
context, the relative distribution of abundances tends to converge as 
succession proceeds.

The observed loss of herbaceous diversity aligns with the classical 

successional theory, for which the transition from open habitats to 
closed-canopy forests reduces light availability and niche space for 
herbaceous species, favouring forest specialist species and ultimately 
decreasing understorey diversity (Grime, 1973; Sabatini et al., 2014; 
Bricca et al., 2025). This pattern was particularly evident in Tuscany and 
Abruzzo sites, where species richness gradually declined in older suc
cessional stages, in agreement with previous findings from other eco
systems (Höchtl et al., (2005); Amici et al., (2013); Sabatini et al., 
(2019); Wieczorkowski and Lehmann, (2022);. By contrast, Friuli Ven
ezia Giulia and Basilicata exhibited distinct patterns. In Basilicata, plant 
diversity partially recovered in the oldest successional stage, although it 
did not reach the levels observed in the managed stage. This U-shaped 
trajectory resembles patterns reported for temperate secondary forest 
successions (Hilmers et al., 2018) and in beech forest chronosequences 
in central Italy (Bartha et al., 2020). Such recovery may result from the 
establishment of forest specialist species or structural changes in late 
succession that locally increase understory light availability. In Friuli 
Venezia Giulia, successional stage I showed particularly high species 
richness, highlighting the ecological importance of transitional habitats 
that combine elements of both meadow and forest flora. These envi
ronments promote coexistence between light-demanding and 
shade-tolerant forest species (Pornaro et al., 2013), a pattern also 
observed in semi-arid successional ecosystems of southern Spain (Bonet 
and Pausas, 2004). The distinct response in Friuli Venezia Giulia likely 
reflects the specific composition of the local plant community, including 
species adapted to transitional stages. By contrast, several studies in 
tropical ecosystems have reported a positive effect of succession on plant 
diversity (Letcher and Chazdon, 2009; Oberleitner et al., 2021; Salete 
Capellesso et al., 2021), highlighting how successional trajectories can 
vary substantially across biomes.

4.3. Carbon-diversity relationship

We found clear trade-offs between herbaceous plant diversity and 
total ecosystem C stocks along secondary forest successions in Italy. 
Similarly, Sabatini et al. (2019), in a multi-taxa analysis, reported 
comparable patterns between plant species richness and aboveground 
live C stocks in temperate forests. The observed negative relationship is 
likely driven by canopy closure of dominant trees, which reduces light 
availability for the herbaceous layer as vegetation biomass — and 
consequently C storage — increases (Sabatini et al., 2014).

In Basilicata, the C-plant diversity relationship follows a distinct 
trajectory compared to the other regions, with the lowest plant species 
richness occurring at intermediate C stock values and a subsequent re
covery at sites with higher ecosystem C. Basilicata was also the site with 
the highest total C stocks in the later stages, largely driven by the sub
stantial accumulation of living tree biomass. In this area, the environ
mental conditions are affected by the proximity to the Mediterranean 
sea, allowing a longer vegetative period, could have promoted faster tree 
growth (Lempereur et al., 2015; Pretzsch et al., 2018). The rapid growth 
of the forest stands may have led to an earlier onset of the understory 
reinitiation phase, which is known to host a higher number of under
story species (Oliver and Larson, 1996). These local conditions likely 
contributed to the observed recovery of plant diversity in the 
late-successional stages. Additional analyses using structural metrics, 
such as LiDAR-derived ones, could provide deeper insights into the 
mechanisms driving this dynamic. The environmental conditions at the 
other sites did not allow stands to reach this phase within the time span 
of our study. The non-linear pattern observed in Basilicata may therefore 
represent a trajectory that could emerge in the other sites if succession 
continues.

At the global scale, Strassburg et al. (2010) identified strong but 
unevenly distributed congruence between species richness and biomass 
C. For instance, studies in the tropics often report congruence and 
co-benefits between C stocks and biodiversity (Sullivan et al., 2017; 
Deere et al., 2018; Matos et al., 2020; Salete Capellesso et al., 2021), 
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likely due to the high availability of light, water and nutrients in tropical 
environments that can simultaneously support large plant biomass and a 
diverse species assemblage. These areas combining high C storage and 
biodiversity could be effectively protected through C-oriented conser
vation strategies. However, regions with high biodiversity but lower C 
stocks may not benefit from such approaches and could even face 
increased threats under C-oriented policies. Our findings support this 
perspective at a smaller scale: in Friuli Venezia Giulia, Tuscany, and 
Abruzzo, clear trade-offs emerge between promoting plant diversity and 
mitigating climate change through C storage. In these sites, pasture or 
mowing cessation leads to gradual declines in plant diversity, accom
panied by a continuous accumulation of ecosystem C, offering for 
climate mitigation rather than plant diversity conservation. By contrast, 
in Basilicata, the decline in plant diversity appears temporary and is 
followed by recovery in late-successional forests that also store large 
amounts of C. This suggests that, in Basilicata, management strategies 
could aim to jointly maximize both plant diversity and C storage, 
enabling true win-win outcomes.

5. Conclusions

Our study, analysing 16 chronosequences in four distinct areas along 
a latitudinal gradient in Italy, demonstrates that natural forest expan
sion has a positive, though site-specific, effect on total ecosystem C stock 
during the first 75 years following land abandonment. By contrast, plant 
diversity peaked in more open habitats, such as meadows and pastures 
(Tuscany, Abruzzo, and Basilicata) or during earlier successional stage 
(in Friuli Venezia Giulia) and subsequently declined in three out of the 
four study sites as succession progressed. These divergent trajectories of 
C accumulation and plant diversity led to negative relationships be
tween these two variables, except in Basilicata, where the latter partially 
recovered in later successional stage, though not to the initial levels, 
coinciding with the highest C stocks observed across all study sites.

Our findings highlight that spontaneous reforestation often entails 
significant trade-offs between climate change mitigation and plant di
versity conservation, which should be explicitly considered in man
agement and policy frameworks. Importantly, under favourable 
environmental conditions, these trade-offs may diminish over time, 
allowing concurrent increases in both C stocks and plant diversity. 
Further research is needed to assess whether similar win–win outcomes 
can occur in other sites. This could be addressed, for example, by 
investigating chronosequences extending beyond 75 years. Such insights 
would be highly valuable for managers and policymakers seeking to 
identify when and where nature-based solutions can simultaneously 
deliver multiple co-benefits, including climate change mitigation and 
biodiversity conservation.
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