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ABSTRACT
The importance of increasing woodland cover in mitigating climate change is widely recognised, yet quantification of the long-
term impact of maturing woodlands on soil structure and carbon stocks remains limited. This study evaluates soil structure 
and carbon content across a chronosequence of UK woodlands established over the last 160 years and old-growth woodland 
(250+ years old) compared to pasture sites. Soil organic carbon (SOC) stocks were significantly higher in woodland soils than 
in pastures, with mature and ancient woodlands containing up to 88%–111% more SOC ─ primarily due to the development of 
an organic layer that contributed up to 42% of total carbon stocks. In contrast, differences in carbon within mineral soil layers 
(0–15 cm, 15–30 cm) were minimal, indicating that afforestation-driven carbon gains are largely restricted to surface horizons. 
Woodland age had a large effect on carbon concentrations within water-stable aggregates (η2 = 0.58, p < 0.001), with macroaggre-
gates (> 2000 μm) exhibiting the greatest increases (Cohen's d = 1.28). Mid-aged woodlands (31–80 years) displayed particularly 
even carbon distribution across aggregate size classes, while older stands showed accumulation in finer fractions (< 250 μm), 
suggesting progressive carbon stabilisation as forests mature. Aggregate stability, measured as mean weight diameter (MWD) 
from wet-sieving analysis, was significantly higher in woodland surface soils (0–15 cm) compared to pasture (p < 0.001), with 
older secondary woodlands (81–160 years) showing the greatest improvements. Critically, MWD was not a statistically significant 
predictor of SOC stocks or carbon concentration in mineral soil layers (0–15 cm and 15–30 cm; p > 0.05, η2 < 0.01), confirming it 
as an unreliable indicator of carbon status in these systems. This study highlights the essential role of organic layer development 
in woodland carbon sequestration and provides detailed evidence that woodland age influences not only soil carbon quantity but 
also its distribution and physical protection within the soil matrix. These findings have practical implications for land manage-
ment and carbon accounting practices in rewilded and afforested landscapes.

1   |   Introduction

Deforestation and forest degradation are pressing environ-
mental issues that contribute significantly to climate change, 
accounting for approximately 12% of global anthropogenic 
CO2 emissions (van der Werf et al. 2009). While the net loss 

of forests worldwide has decreased since 1990 (due to reduced 
deforestation, increased afforestation, and natural forest ex-
pansion), 4.7 million hectares of forest were still lost annually 
between 2010 and 2020 (FAO 2020). In Europe, where forest 
cover has been radically reduced, only 4% is now considered 
undisturbed primary forest (Maria Sabatini et al. 2018). The 
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net loss of forest area in Europe during the 19th century was 
estimated to be approximately 60 million hectares, with some 
countries losing as much as 50%–60% of their forest cover 
(FAO 2010).

In the United Kingdom, forest cover represents 13% of the 
total land area, slowly increasing from a record low of 5% at 
the start of the 20th century (Watts 2006). Forest creation is an 
essential strategy of the UK government to meet its 2050 Net 
Zero greenhouse gas emissions target (UK Parliament  2021) 
by expanding woodland cover in England to 17.5% by 2060 
(DEFRA  2022). In Scotland, the government has set an 
even more ambitious target of increasing woodland cover 
to 21% of the country's land area by 2032 (Climate Change 
Committee  2017). However, the success of forest establish-
ment as a climate strategy depends not just on aboveground 
carbon uptake, but on long-term SOC storage and stabilisation 
in soils (Jackson et al. 2017).

Soil organic carbon represents the largest terrestrial carbon 
pool, storing over 1500 Pg globally—more than triple the carbon 
found in vegetation (FAO 2015). Forest soils contain a dominant 
share of ecosystem carbon (Nave et al. 2019), with up to 75% of 
this stored in soil to 1 m depth in UK woodlands (Vanguelova 
et  al.  2013). Soil carbon stability over time is essential for its 
role in climate mitigation, yet long-term changes in SOC under 
broadleaved forests remain poorly quantified.

One key determinant of SOC stability is soil structure, es-
pecially aggregation. Soil aggregates protect organic matter 
from microbial decomposition and erosion (Six, Paustian, 
et  al.  2000; Bronick and Lal  2005). According to the aggre-
gate hierarchy model, macroaggregates (> 250 μm) are formed 
from microaggregates (≤ 250 μm), and increasing macroag-
gregate stability is associated with better soil aeration, root 
penetration, and biological activity (Tisdall and Oades 1982; 
Jastrow et al. 1998).

Aggregate stability is commonly measured by water-stable 
aggregation (WSA) and expressed as mean weight diameter 
(MWD)—a widely used soil health indicator (van Bavel  1950; 
Six, Paustian, et al. 2000; Zhou et al. 2020). Higher MWD values 
are generally associated with more stable aggregate structures 
and have been used to track responses to land-use change, in-
cluding forest establishment (Zhou et al. 2020; Abbas et al. 2021). 
However, their reliability for predicting SOC content—particu-
larly in temperate broadleaved woodlands—is rarely tested and 
may vary with woodland age.

Recent studies in tropical and arid forest systems have ex-
amined changes in soil aggregation following afforestation 
(Bougma et  al.  2022; de Sinquini Souza et  al.  2024), with 
emerging research highlighting the importance of carbon 
stabilisation pathways within aggregate fractions during 
forest succession (Ortiz-Oñate et  al.  2022; Xiao et  al.  2023). 
However, few studies have assessed long-term aggregation 
dynamics in UK broadleaved woodlands. Most UK-based re-
search on land-use change focuses on early-stage planting or 
coniferous systems, with limited emphasis on carbon parti-
tioning among aggregate fractions. The long-term (< 100 years) 
response of soil aggregation and aggregate-associated carbon 

to forest succession on former agricultural land remains 
underexplored.

This study targets that knowledge gap by evaluating changes 
in soil carbon stocks and structure across a chronosequence of 
temperate broadleaved woodlands in the Scottish Lowlands, 
including ancient woodland (> 250 years) and sites aged 20–
160 years. These forests were planted on former pasture land 
and have been used in prior assessments of aboveground bio-
diversity (e.g., Fuentes-Montemayor et  al.  2020), but to date, 
belowground processes remain unexamined. This study aims 
to address this significant knowledge gap by providing novel 
insights into the belowground processes associated with forest 
creation, particularly examining the long-term changes in soil 
aggregation and the links between aggregate stability and SOC 
storage in secondary temperate forests on previously farmed 
land. Specifically, we address the following research questions, 
within three broad themes:

1.	 Woodland creation and soil carbon stocks
	 i.	 How does forest creation impact soil carbon stocks on 

former agricultural land?
	ii.	 To what extent does this impact vary with the age of 

the woodland?
 Anticipated outcome (i): SOC stocks will increase 
with age, especially during early successional stages 
(Guo and Gifford  2002; Paul et  al.  2002; Laganière 
et al. 2010).

2.	 Woodland age and aggregate carbon dynamics
	 i.	 How does woodland age influence aggregate forma-

tion and carbon distribution?
 Anticipated outcome (ii): Older woodlands will ex-
hibit enhanced aggregate stability and greater car-
bon concentration within aggregates (Six, Paustian, 
et al. 2000; Six et al. 2004; Chenu et al. 2019).

3.	 Reliability of MWD as an indicator of soil carbon content
	 i.	 Does MWD effectively reflect SOC stocks and stability, 

and does this vary with woodland age?
 Anticipated outcome (iii): MWD will positively covary 
with soil carbon content, but the relationship strength 
may depend on woodland maturity (Six, Paustian, 
et  al.  2000; Bronick and Lal  2005; Lehmann and 
Kleber 2015; Chenu et al. 2019).

2   |   Materials and Methods

2.1   |   Terminology Clarification

Throughout this study, the terms ‘forest’ and ‘woodland’ are 
used interchangeably, consistent with UK conventions. In the 
UK context, ‘woodland’ typically refers to smaller-scale or semi-
natural tree-dominated habitats, but for the purposes of this re-
search (and in much national policy and literature), both terms 
describe areas of significant tree cover that function as forested 
ecosystems. The terminology is aligned with the FAO definition, 
where land with tree canopy cover exceeding 10% qualifies as 
forest. ‘Woodland creation’ is a term widely used in the United 
Kingdom, referring broadly to the establishment of new areas of 
trees. This includes both afforestation (planting trees or creating 

 14752743, 2026, 1, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/sum

.70162 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [11/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3 of 11Soil Use and Management, 2026

a forest on land that has not previously supported woodland) 
and reforestation (establishing tree cover on land where wood-
land was previously present but has since been cleared).

2.2   |   Site Selection and Study Design

This study was conducted from 2019 to 2021 as part of the 
Woodland Creation and Ecological Networks project (WrEN, 
www.​wren-​proje​ct.​com; Watts et  al.  2016). Thirty planted 
broadleaved woodland patches (20–160 years old), 10 ancient 
woodlands (> 250 years), and five adjacent pasture areas (as 
controls) were selected across central Scotland (Figure 1). Study 
sites were located within the Central Lowlands (Midland Valley) 
of Scotland (approximately 55.8° N to 56.2° N, 3.2° W to 4.2° W), 
ranging in elevation from approximately 120 to 380 m above sea 
level (mean ± SD: 250 ± 85 m). The region is characterised by 
gently rolling terrain typical of the glacially modified rift valley 
between the Highland Boundary Fault and Southern Uplands 
Fault. Sites ranged in size from 0.5 to 4.7 ha and were restricted 
to brown earths (Cambisols) and gleyed brown earths to control 
for soil type variation. Dominant tree species included Betula 
pubescens, Betula pendula, Acer pseudoplatanus, Fraxinus ex-
celsior, and Quercus robur, with species mixtures varying nat-
urally by site. Aboveground stand structure was assessed by 
quantifying basal area (m2 ha−1), tree density (stems ha−1), and 

tree diversity (Shannon's H) for each woodland age class (see 
Table S1). Across the chronosequence, basal area increased with 
woodland age (mean [SD]: ≤ 30 years, 221 [133];  31–80 years, 
151 [87]; 81–160 years, 227 [184]; 250+ years, 248 [160] m2 ha−1), 
while tree density showed a tendency to decrease in older 
stands (mean [SD]: ≤ 30 years, 766 [144]; 31–80 years, 455 [262]; 
81–160 years, 385 [188]; 250+ years, 448 [278] stems ha−1). Tree 
diversity varied moderately across age groups.

All woodland patches were established on land managed pre-
viously as agricultural land; specific management histories for 
individual sites prior to woodland establishment were not avail-
able. During the study period, woodland sites were subject only 
to minimal management, primarily periodic deer exclusion and, 
in some younger stands, low-level thinning. Pasture controls 
were managed as permanent grassland for grazing.

2.3   |   Field Sampling Protocol

At each site, soils were sampled along a central transect, with 
points at least 10 m apart and > 1 m from tree stems (refer to 
Figure S1). For each site:

•	 Five cylindrical soil cores (15 cm × 4.5 cm) were taken per 
depth (0–15 cm, 15–30 cm) for aggregate fractionation.

•	 Five additional cores per depth were collected for bulk den-
sity and moisture.

•	 Ten auger samples per depth were obtained for elemental 
analysis (C, N) and pH.

•	 Organic layer material was sampled from three 0.25 m2 
quadrats at each site (except pastures where this horizon 
was absent).

All field protocols followed ICP Forests Pan-European guide-
lines (Cools and De Vos  2020). Samples were stored at 3.5°C 
until they were processed.

2.4   |   Aggregate Fractionation and Carbon Analysis

Soil was air-dried, passed through an 8 mm sieve, and a 50 g sub-
sample was used for wet-sieving aggregate fractionation into four 
classes: > 2000 μm, 2000–250 μm, 250–53 μm, and < 53 μm (fol-
lowing Six, Elliott, and Paustian 2000). Each class was oven-dried 
(40°C) and weighed. Sand correction was applied by dispersing a 
5 g subsample in sodium hexametaphosphate, isolating sand re-
tained on relevant sieves, and subtracting from aggregate mass.

After fractionation, aggregates and bulk soil were analysed for 
total C and N using a C:N elemental analyser. Soil organic carbon 
stocks (t ha−1) were calculated using measured bulk density and 
% carbon. Soil pH was measured in a 1:2.5 soil:water suspension.

2.5   |   Mean Weight Diameter

Stability interpretations were derived from aggregate size distri-
butions by mathematically converting the proportional weight of FIGURE 1    |    Map showing the study area in central Scotland.
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the class aggregate into a simple index that represents the entirety 
of the sample, establishing the link between size distribution and 
stability. The soil Mean Weight Diameter was calculated as:

where xi is the mean diameter of fraction i (using 8 mm as the 
upper, and 0.025 mm as the lower boundary), and wi is its sand-
corrected proportion by mass.

2.6   |   Statistical Analyses

2.6.1   |   Data Structuring and Grouping

The woodland age gradient considered in this study reflects the 
developmental stages of temperate broadleaf woodland habi-
tats as defined by Oliver and Larson  (1996). To facilitate data 
analysis, the study sites were grouped into four age categories 
based on time since planting: stand initiation (≤ 30 years, n = 5 
sites), stem exclusion (31–80 years, n = 9 sites), understory re-
initiation (81–160 years, n = 16 sites), and old growth sites (250+ 
years, n = 10 sites). Pastures (n = 5) functioned as an additional 
reference group. The discrepancy in sample sizes within these 
categories is due to the limited availability of soil types (namely 
Cambisols) that were the focus of our study.

2.6.2   |   Soil Property Comparisons Across Land Uses

Non-parametric Kruskal–Wallis tests were used to compare 
bulk density, SOC, total C, soil moisture, and pH among 
land uses, followed by Dunn's tests for post hoc pairwise 
comparisons.

2.6.3   |   Linear Mixed-Effects Modelling (LMM)

To analyse the effects of woodland age, depth, and aggregate frac-
tion on soil properties, linear mixed-effects models (LMMs) were 
fitted using the ‘lmer’ function in R (R Core Team 2021) with Type 
III Wald chi-squared tests for fixed effects (Anova function, car 
package). Site ID was included as a random intercept to account for 
spatial clustering and repeated measures within sites.

2.6.4   |   Model Specifications

•	 SOC stock analysis: SOC (t ha−1) as response; fixed effects: 
woodland age category, depth; random effect: Site ID.

•	 Aggregate carbon concentration: Log-transformed total C 
concentration (g C kg−1) as response; fixed effects: age cat-
egory, aggregate size class, depth, and all two-way inter-
actions (Age × Fraction, Age × Depth, Fraction × Depth); 
random effect: Site ID.

•	 Aggregate distribution: Proportion of water-stable aggre-
gates (%) as the dependent variable with age and aggregate 
size as fixed effects.

•	 Aggregate carbon concentration: Log-transformed total C 
concentration (g C kg−1) as response; fixed effects: age cat-
egory, aggregate size class, depth, and their interactions; 
random effect: Site ID.

•	 Mean weight diameter: MWD (mm) as response; fixed ef-
fects: age category, depth, and Age × Depth interaction; ran-
dom effect: Site ID.

•	 MWD as predictor of carbon: Log-transformed carbon 
concentration (g C kg−1) and SOC stock (t ha−1) as re-
sponses; fixed effects: MWD, depth; random effect: Site 
ID. Woodland age was excluded from these models to test 
MWD as an independent predictor.

•	 Post hoc pairwise comparisons were conducted using Tukey's 
Honest Significant Difference (HSD) test with α = 0.05.

All continuous variables were assessed for normality and log-
transformed where residuals deviated from model assumptions. 
Model simplification was guided by likelihood ratio tests and 
Akaike Information Criterion (AIC). Estimated marginal means 
(EMMs) post hoc comparisons were performed, with Tukey p-
value adjustment for multiple testing.

2.6.5   |   Effect Size and Variance Partitioning

Partial eta-squared (η2) was calculated for fixed effects, and 
marginal and conditional R2 values (variance explained by 
fixed and all effects, respectively) were reported for each model. 
Standardised effect sizes (Cohen's d) were computed for key 
pairwise contrasts. Effect sizes were interpreted following stan-
dard conventions: for partial η2, values of 0.01, 0.06, and 0.14 
represent small, medium, and large effects respectively (Cohen 
1988); for Cohen's d, values of 0.2, 0.5, 0.8, and > 1.0 represent 
small, medium, large, and very large effects.

All statistical analyses were performed in R v4.1.2, primarily 
using the lme4, emmeans, car, and effectsize packages.

3   |   Results

3.1   |   The Influence of Woodland Creation on Soil 
Carbon Stocks in Broadleaved Temperate Forests

Woodland soils showed substantially lower bulk density than 
pasture soils, with reductions of 0.22–0.28 g cm−3 representing 
a large effect (η2 = 0.25, p = 0.009) across all woodland age cate-
gories (Table 1). No significant differences in bulk density were 
detected among woodland age categories, indicating that soil 
decompaction occurs rapidly following woodland establishment 
and is maintained throughout succession. Woodland soils were 
1.0–1.5 pH units more acidic than pasture across both mineral 
soil depths, representing the strongest effect size among all mea-
sured soil properties (η2 = 0.24, p = 0.013) and also demonstrated 
improved water retention capacity compared to pasture (moder-
ate effect, η2 = 0.15), though the effect of woodland age on soil 
moisture was not statistically significant (p = 0.146). Depth was 
a highly significant predictor of all three properties (p < 0.001 for 
bulk density, pH, and moisture; Table 1).

MWD (mm) =

n
∑

i= 1

xiwi
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Woodland creation led to substantial increases in total SOC 
stocks (Figure 2), with mature woodlands (> 80 years) contain-
ing 88%–111% more carbon than pasture systems (71–80 vs. 38 t/
ha, p < 0.01). Age effects were confined to the organic layer, 
where mature woodlands (> 80 years) contained significantly 
higher SOC than younger woodlands (≤ 80 years, p < 0.01). Post 
hoc comparisons showed that organic layer SOC stocks did not 
differ significantly between the ≤ 30 years and 31–80 years age 
groups (p = 0.089), indicating a modest but non-significant de-
cline during the stem exclusion phase. No age-related differences 
were detected in mineral soil layers (0–15 cm and 15–30 cm, all 
p > 0.05).

The primary mechanism driving differences between woodland 
and pasture was organic layer development rather than mineral 
soil carbon accumulation, with the organic layer contributing 
37%–42% of total woodland organic carbon stocks but being ab-
sent in pasture systems (Figure 2).

3.2   |   The Influence of Woodland Age on 
Water-Stable Aggregates and Carbon Distribution

Woodland age had a large effect on aggregate carbon concen-
trations (η2 = 0.58, p < 0.001). Aggregate size fraction (η2 = 0.25, 
p < 0.001) and soil depth (η2 = 0.17, p < 0.001) were also signif-
icant predictors. The Age × Depth interaction was significant 
(χ2 = 9.78, p = 0.044), indicating that age effects varied between 
soil layers. Together, the fixed effects explained 73% of total vari-
ance in log-transformed aggregate carbon concentrations, indi-
cating strong predictive relationships.

The transition from pasture to ancient woodland represented 
major ecosystem changes across all aggregate fractions, with effect 
sizes ranging from medium to very large (Cohen's d = 0.53–1.28). 
The largest aggregates (> 2000 μm) showed the strongest response 
to woodland development (d = 1.28), representing more than one 
standard deviation increase in carbon concentration. Carbon 

TABLE 1    |    Mixed effects model ANOVA results for soil properties across woodland age categories and soil depths.

Response variable Effect χ2 df p η2

Bulk density Age range 13.55 4 0.009 0.253 **

Bulk density Depth 35.03 1 < 0.001 0.04 ***

pH (H2O) Age range 12.67 4 0.013 0.24 *

pH (H2O) Depth 35.96 1 < 0.001 0.041 ***

Soil moisture Age range 6.82 4 0.146 0.146 ns

Soil moisture Depth 191.99 1 < 0.001 0.185 ***

Note: Models included woodland age category and soil depth as fixed effects with site as a random effect to account for spatial clustering. η2 = partial eta-squared 
representing the proportion of variance explained by age category effects. Significance levels: ***p < 0.001, **p < 0.01, *p < 0.05, ns = non-significant.

FIGURE 2    |    Soil organic carbon stocks across woodland succession and soil layers. Letters indicate significant differences between age catego-
ries within the organic layer only (Kruskal–Wallis p = 0.002, post hoc with Tukey adjustment). Age effects on SOC stocks were tested for all layers: 
Significant in the organic layer (p = 0.002), but not in the 0–15 cm (p = 0.089) or 15–30 cm (p = 0.059) mineral soil layers. Outliers > 80 t C ha−1 not 
shown. The organic layer is absent in pasture systems. Boxes show median and interquartile range; whiskers extend to 1.5 × IQR.
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concentrations consistently decreased from macroaggregates to 
microaggregates, with the largest fraction containing (> 2000 μm) 
containing the highest concentrations across all woodland ages 
(Figure 3). Pairwise comparisons of the land-use effect (pasture vs. 
ancient woodland) revealed large to very large effect sizes across 
all aggregate fractions: > 2000 μm (Cohen's d = 1.28, very large), 
2000–250 μm (d = 1.13, large), < 53 μm (d = 0.91, large), and 250–
53 μm (d = 0.53, medium). The strongest response in the largest 
aggregates supports the aggregate hierarchy model, whereby mac-
roaggregates are formed around fresh organic inputs and are most 
sensitive to land-use change (Six, Paustian, et al. 2000; Tisdall and 
Oades 1982).

Macroaggregates (> 250 μm) consistently contained higher car-
bon concentrations than microaggregates (≤ 250 μm) across all 
age classes (p < 0.001). This difference was most pronounced 

in early succession (≤ 30 years) and ancient woodland (250+ 
years) sites.

Compared to pasture, the carbon in the 250–53 μm fraction was 
significantly higher in the 31–80 and the 81–160 age groups (ap-
proximately double; p < 0.01 for both comparisons). Woodlands 
showed elevated carbon concentrations in the < 53 μm silt and 
clay fraction, particularly at the 81–160 years (72% to 86% in-
crease relative to pasture; p = 0.003, Cohen's d = 0.91). The depth 
effect was significant across all fractions (χ2 = 26.06, p < 0.001, 
η2 = 0.17), with surface soils (0–15 cm) containing higher car-
bon concentrations than subsurface soils (15–30 cm). Notably, 
the 31–80-year woodland group displayed an even distribution 
of carbon among aggregate size classes across both mineral lay-
ers, suggesting a transitional phase of aggregate reorganisation 
during mid-succession.

FIGURE 3    |    Total carbon concentration in water-stable aggregates across woodland succession chronosequence. Top: Total carbon concentration 
(g C kg−1) in different aggregate size fractions for 0–15 cm and 15–30 cm depth intervals. Bottom: Comparison of carbon concentrations between 
macroaggregates (> 250 μm, magenta) and microaggregates (≤ 250 μm, tan) across age classes. Box plots show median, quartiles, and outliers. Mixed 
model ANOVA showed significant effects of Age (χ2 = 30.14, p < 0.001, η2 = 0.58), Fraction (χ2 = 21.74, p < 0.001, η2 = 0.25), and Depth (χ2 = 26.06, 
p < 0.001, η2 = 0.17). See Table S2 for full ANOVA results.
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3.3   |   Soil Stability Relationship With 
Woodland Age and Carbon Sequestration

Aggregate stability (MWD) was influenced by woodland age 
(χ2 = 11.82, p = 0.019, η2 = 0.17), but this effect varied significantly 
with soil depth (Age × Depth interaction: χ2 = 42.88, p < 0.001). 
In the 0–15 cm layer, older secondary woodlands (81–160 years) 
showed significantly higher aggregate stability than pasture 
(p = 0.020, Tukey HSD), while ancient woodlands (250+ years) 
did not differ significantly from pasture (p = 0.627). No significant 
pairwise differences in aggregate stability were detected in the 

15–30 cm layer (all p > 0.15), indicating that woodland effects on 
soil structure are confined to surface horizons (Figure 4).

MWD was not a statistically significant predictor of carbon 
concentration (χ2 = 1.74, p = 0.188, η2 = 0.002) or SOC stocks 
(χ2 = 0.99, p = 0.319, η2 = 0.001) in mineral soil layers (Table 2). 
These negligible effect sizes confirm that aggregate stability, as 
measured by MWD, does not reliably indicate carbon status in 
these systems. Soil depth, in contrast, was a strong predictor of 
both carbon concentration (η2 = 0.28, p < 0.001) and SOC stocks 
(η2 = 0.08, p < 0.001).

FIGURE 4    |    Mean weight diameter (MWD) for the different age categories at two soil depths. Letters indicate significant differences within each 
depth (Tukey HSD, p < 0.05). The Age × Depth interaction was significant (χ2 = 42.88, p < 0.001), indicating age effects between depths. At 0–15 cm, 
pasture (a) differed significantly from 81 to 160-year woodlands (b); groups sharing letters (ab) did not differ significantly from either. At 15–30 cm, 
no significant pairwise differences were detected (all groups share letter ‘a’). The violin plots show the probability density of the data; overlaid box 
plots display the median and interquartile range.

TABLE 2    |    Analysis of variance results from mixed effects model testing MWD and soil depth as predictors of soil organic carbon stocks and total 
carbon concentration.

Response variable Effect χ2 df p η2

Carbon concentration MWD 1.74 1 0.188 0.002 ns

Carbon concentration Depth 334.3 1 < 0.001 0.283 ***

SOC stocks MWD 0.99 1 0.319 0.001 ns

SOC stocks Depth 71.49 1 < 0.001 0.077 ***

Note: Models include both mineral soil depths (0–15 cm and 15–30 cm) with Depth as a fixed effect and Site as a random effect. Successional stage was excluded to test 
MWD as an independent predictor. Significance levels: ***p < 0.001, ns = non-significant.
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4   |   Discussion

4.1   |   Woodland Creation and Carbon Stocks: 
Layer-Specific Mechanisms

Our results demonstrate that converting agricultural land to 
broadleaved woodland leads to substantial increases in soil 
organic carbon stocks ─ a finding in line with large-scale syn-
theses documenting SOC gains following woodland creation 
and rewilding of agricultural land (Guo and Gifford 2002; Paul 
et  al.  2002). A key novel insight from this study, however, is 
the explicit quantification of these gains within the soil profile: 
almost all the SOC increase was confined to the organic surface 
horizon, which contributed up to 42% of total woodland SOC 
stocks and was largely absent in pastures. In contrast, mineral 
soil layers (0–15 and 15–30 cm) showed no consistent age-related 
or land-use differences in SOC stocks, even in the oldest wood-
lands. This layer-specific highlight clarifies a common gap in 
previous studies that often pool all soil horizons, overlooking 
the dominant influence of organic matter accumulation at the 
surface (Poeplau and Don 2013; Poeplau et al. 2024).

While prior work has shown that SOC accumulation is typically 
most rapid in the early decades post-afforestation ─ especially 
on former cropland (Paul et al. 2002; Laganière et al. 2010) ─ our 
data show that after initial woodland establishment, organic-
layer development, rather than continuing mineral soil accrual, 
drives long-term increases in SOC. This finding echoes recent 
reviews emphasising the importance of litter and organic sur-
face inputs (Guo and Gifford 2002; Laganière et al. 2010; Chenu 
et al. 2019), and suggests that management efforts to maximise 
SOC in reforested landscapes should prioritise protection and 
maintenance of the developing organic horizon.

4.2   |   Successional Dynamics and Nonlinear 
SOC Trends

Carbon accumulation across the woodland chronosequence 
was not strictly linear. SOC stocks during the 31–80-year 
‘stem exclusion’ stage compared to earlier (≤ 30 years) and 
later (81–160 years) stages (Figure  2), though this decline was 
not statistically significant (see Section  3), potentially due to 
greater allocation of plant carbon aboveground during this in-
tensely competitive growth phase (Haynes and Gower  1995; 
Vicca et al. 2012). This dip is later reversed in older woodlands 
(> 80 years), where understory re-initiation and more complex 
vegetative structure likely increase both litter input and below-
ground carbon allocation (Oliver and Larson  1996). These re-
sults illustrate the importance of considering successional stage 
─ not age alone ─ when evaluating carbon trajectories in regener-
ating forest ecosystems.

4.3   |   Age-Dependent Shifts in Aggregate Carbon 
Pools and Soil Structure

Our study provides granular, fraction-specific evidence for ro-
bust age-related changes in the distribution and protection of 
SOC within soil aggregates. Carbon concentration within all 
water-stable aggregate fractions increased following woodland 

establishment, with effect sizes ranging from medium to very 
large. The largest effect observed in macroaggregates (> 2000 μm, 
Cohen's d = 1.28), consistent with the aggregate hierarchy model 
which predicts that macroaggregates, formed around fresh 
particulate organic matter, respond most rapidly to changes in 
organic inputs (Six, Paustian, et al. 2000). Notably, we found a 
relatively even distribution of SOC across aggregate classes in 
mid-aged woodlands (31–80 years), a pattern not observed in ei-
ther younger or older woodlands. This may reflect a phase of 
dynamic soil structural reorganisation and microbial turnover, 
aligning with previous work that links aggregate heterogeneity 
to successional transition (Jastrow et al. 1998).

In older woodlands (81–160 years), the highest carbon increases 
were detected in microaggregates and the < 53 μm silt and clay 
fraction, suggesting progressive stabilisation of organic matter 
in finer soil domains over time. This is a process recognised as 
a hallmark of late-successional forests and critical for long-term 
carbon persistence (Six et al. 2002). These findings also reinforce 
field and meta-analytical work highlighting the importance of 
aggregation for enhancing SOC security (Lützow et  al.  2006; 
Chenu et al. 2019).

Moreover, earthworm functional diversity, shown in other re-
search to vary with woodland age (Ashwood et al. 2019), may 
help explain observed shifts in SOC distribution. Earthworms 
contribute to aggregate formation through the ingestion and 
excretion of soil particles, creation of biopores, and incorpora-
tion of organic matter into mineral soil (Six et al. 2004; Blouin 
et  al.  2013). Anecic species, which become more abundant in 
older woodlands, are particularly effective at translocating sur-
face litter into deeper soil layers and forming stable casts. Such 
mechanisms warrant deeper investigation in future chronose-
quence studies.

4.4   |   Fine Fraction (< 53 μm): A Key Stabilisation 
Pool in Mature Woodlands

Although not a true aggregate class, the 53 μm silt and clay 
fraction was a consistent location of carbon enrichment across 
woodlands. In the 81–160 year group, this fraction held 72% more 
carbon than in pasture soils, revealing a long-term pathway for 
biochemical stabilisation through organo-mineral associations 
(Schmidt and Kögel-Knabner  2002; Lützow et  al.  2006). This 
result asserts a growing consensus that silt and clay-associated 
C plays a disproportionately large role in long-term SOC per-
sistence in forest systems (Atere et al. 2020).

4.5   |   Aggregate Stability (MWD): Limited 
Indicator Value for SOC Monitoring

Improvements in aggregate stability (measured as MWD) were 
predominantly detected in the uppermost 0–15 cm mineral soil, 
where secondary woodlands aged 81–160 years displayed the 
strongest gains relative to pasture. However, this effect did not 
persist into the deepest mineral layer nor with increasing wood-
land age into ancient stands, suggesting a non-linear, possibly 
plateauing or oscillating trajectory of physical soil improve-
ment through succession (Laganière et  al.  2010; Fornara and 
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Tilman 2012). This surface-limited and non-linear response is 
rarely documented in detail and underlines the need for vertical 
resolution in monitoring programs.

Importantly, MWD was not a statistically significant predictor 
of aggregate carbon content or total SOC stocks in our models 
(Table 2): MWD explained only a negligible fraction of variance 
in either property, and correlations were weak regardless of 
woodland age.

This critical appraisal challenges the widespread practice of 
using MWD as a stand-alone indicator of soil C sequestra-
tion (Lehman et al. 2015; Chenu et al. 2019), indicating that 
physical aggregation often becomes decoupled from C storage 
in mature or late-successional forests, possibly due to the in-
creasing importance of biochemical stabilisation mechanisms 
(Six et al. 2004).

4.6   |   Implications for Soil Management 
and Carbon Accounting

Our findings highlight several points for managers and policy 
makers:

•	 Enhancement and protection of the organic surface layer 
should be a priority in woodland restoration strategies, 
given its outsized role in SOC accumulation.

•	 Assessments of soil carbon benefits from woodland creation 
should explicitly include organic horizons rather than rely 
solely on mineral soil sampling.

•	 Reliance on physical metrics like MWD for SOC monitoring 
may be misleading, especially in older or mature systems—
carbon partitioning among aggregate size classes and layers 
provides better insight.

•	 SOC gains in mineral soils may be limited, especially when 
baseline conditions are already high in SOC, aligning with 
evidence that past land-use and initial soil properties mod-
ulate long-term sequestration outcomes.

•	 Forest age and successional stage should be included in car-
bon models, as SOC patterns vary markedly over time and 
depth.

5   |   Conclusion

This study provides detailed mechanistic insight into how wood-
land age shapes aggregate carbon distribution and soil struc-
ture, challenging some common assumptions about soil carbon 
accrual and measurement after woodland creation. For effective 
evaluation of afforestation/reforestation outcomes and wood-
land soil management, future research and policy assessment 
should implement a layered, fraction-resolved framework. This 
approach must account for the vertical distribution of carbon, 
differences among aggregate size classes, and the successional 
development of the forest stand. Such precision will improve the 
quantification of woodland contributions to long-term soil car-
bon sequestration and enhance the scientific basis for soil health 
monitoring in forest establishment projects.
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