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Abstract 

The extensive loss of carbon-rich, species-rich grasslands to agriculture and development has had detrimental impacts on wildflower 

abundance and diversity. Therefore, conversion of verges, lawns, and fields into wildflower meadows (WFMs) has gained prominence 

in recent years. However, a frequent recommendation for WFM establishment is to reduce soil fertility, raising concerns regarding the 

impact on carbon sequestration. To address the question of how WFM conversion might affect soil carbon retention, an experiment 

was conducted in Surrey, UK, converting grassland into WFM using different strategies: deturfing or scarifying, plus seed sowing. 

Measurements included earthworm abundance, live biomass, and microbial decomposition rates via a cotton strip assay (CSA), to 

provide insights into the initial phase of carbon sequestration: organic matter decomposition. The findings unveiled critical insights. 

In the short term, WFM conversion resulted in reduced earthworm populations relative to the control, especially when the conversion 

involved a high level of disturbance by removing turf. Conversely, mowing led to increased earthworm populations and accelerated 

CSA decomposition compared to the control. These findings suggest that the effects of disturbance and removal of biomass through 

deturfing or scarifying, and the energy supply provided by mowing and leaving the arisings, had more impact on the earthworm 

population and CSA decomposition than the increased diversity of the sown wildflowers. Successful WFM establishment can be 

achieved without turf removal, a practice that exerts adverse effects on soil life. These findings have broader implications for grassland 

resource management in the context of climate change mitigation through soil carbon storage. 
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1. Introduction 

The interdependence of biodiversity loss and climate change has 

recently emerged as a prominent concern, highlighted by the 

United Nations and the Intergovernmental Panel on Climate 

Change [1, 2]. To meet the targets for reducing greenhouse gas 

(GHG) emissions, as outlined in the Paris Agreement [3], most 

countries are including land use changes in their nationally 

determined contributions. A global ambition seeks to sequester 

an additional 3.7 gigatons of CO2 equivalent into soils annually 

by 2030 compared to 2005 levels [4]. This imperative is mirrored 

by the UK’s commitment to nature-based solutions in its quest 

for net-zero emissions by 2050 [5], recently accompanied by the 

introduction of the Environment Land Management Scheme [6]. 

Species-rich grassland soils, in particular, have been recognized 

as important carbon stores, surpassing soils in intensively man-

aged grasslands [7–10]. Semi-natural or species-rich grasslands 

also play a pivotal role in supporting pollinating insects due to 

their provision of diverse forage plants and habitat [11]. However, 

these grasslands have been gradually diminishing since the 18th 

century [12], primarily due to shifts in agricultural practices such 

as conversion to arable land, or intensification [13]. In other 

cases, traditional management regimes of summer mowing and 

winter grazing have been lost [14], resulting in overgrowth or the 

proliferation of invasive species [15]. By 1984, UK land area 

covered by semi-natural pastures had already dwindled by a 

staggering 97% over 50 years [16], with further losses occurring 

thereafter, albeit inadequately documented [17, 18]. This decline 

has led to substantial losses in both wildflower diversity and 

carbon stocks [19]. To reverse this trend, a widespread call from 

media outlets and non-governmental organizations has emerged, 

urging gardeners, landowners, and local authorities to convert 

grasslands and verges into biodiverse wildflower meadows 

(WFMs), with the aim of restoring the ecosystem services once 

provided by species-rich grassland [20]. 

During the 1980s, conservationists began to recognize the intrin-

sic value of hay meadows and WFM due to their rich botanical 

and faunal diversity [17, 19, 21], and the crucial link between 
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biodiversity and GHG mitigation became evident [22, 23]. When 

land is regenerated and thoughtfully managed, biodiversity 

flourishes [15, 24]; the presence of seeds in the soil seed bank or 

in nearby hay meadows can lead to natural recolonization once 

mowing or conservation grazing is reinstated [25]. However, 

establishing WFMs can be challenging, as robust grasses often 

outcompete slower-growing forb species, suppressing overall 

plant diversity [25]. Strategies to combat this issue mainly 

depend on reducing soil fertility using methods such as biomass 

or topsoil removal [25, 26]. Dicks et al. [27] offer a comprehen-

sive summary of strategies for generating WFM where additional 

seed sowing is required, including deturfing, rotavating, remov-

ing litter (scarifying), direct or slot sowing, and plug plants or 

spreading hay from existing species-rich meadows, together with 

subsequent management using grazing or mowing. 

Yet, an essential question emerges: What if the process of removing 

soil and reducing soil fertility, advocated by many, inadvertently 

reduces carbon stocks and hampers carbon sequestration (CS)? 

Soil carbon is initially found within soil organic matter (SOM), 

where it can be mineralized (released as nutrients for plant 

uptake or into the atmosphere as CO2) or immobilized for long-

term storage, both processes driven by soil biota [28, 29]. The 

initial decomposition of organic matter (OM) can thus either 

contribute to climate change through CO2 emission or mitigate it 

through CS [30]. However, while it must be noted that adding 

OM also enhances other soil functions beyond CS [31], currently 

the long-term impact of OM quality on SOM decomposition and 

other soil properties that can impact processes delivering CS, 

remains poorly understood. Soil CS rates exhibit considerable 

variability depending on factors such as land use, management 

practices, climate, and soil characteristics. Measuring CS directly 

poses challenges, and it exhibits substantial spatial variation 

[32], but high CS rates are often associated with abundant 

earthworm populations and microbial biomass [33]. While 

extensive research exists on carbon storage in existing grasslands 

[34–37] and above-ground biodiversity [13, 27, 38, 39], including 

within newly created WFM [40], scarce attention has been paid 

to the critical question of how the transition from grassland to 

WFM impacts soil health or CS [41]. 

Given the relationship between CS and soil biota, our study 

explores the impact of converting grasslands into WFM on soil 

life or activity of microbes and detritivores [42, 43] in the upper 

soil layers during the initial months following transformation. 

Our study’s null hypothesis (H0) states that converting grassland 

into WFM, using the conversion strategy of biomass removal 

(scarifying) or the strategy of topsoil removal (deturfing), over 

one growing season does not significantly alter a decomposer 

population (earthworms) in the soil [44–47], and does not alter 

an indicator of the decomposition process, namely microbial 

activity as measured by respiration of cotton cellulose in the 

cotton strip assay (CSA) [48]. This study, focusing solely on the 

initial spring and summer periods, aims to provide insights into 

the short-term effects of WFM conversion on soil dynamics and 

CS potential. 

The findings are discussed with reference to three possible 

theories: that an intermediate level of soil disturbance [49] might 

positively impact the diversity and abundance of soil biota 

(Section 4.3); that greater plant diversity could result in more 

diverse root lengths and exudates [50] leading to an increase in 

microbial activity (Section 4.4); or that the addition of fresh 

decaying OM (cut grass) might lead to an increase in bacteria 

relative to fungi, as described in the theory of soil proposed by 

Neal et al. [51] (Section 4.5), and this may increase microbial 

activity and earthworm populations. 

2. Materials and methods 

The experiment was conducted in 2021 in an abandoned pasture 

located in the Surrey Hills AONB between March and August, the 

best time for seed growth and OM decomposition [52]. The 

Ordnance Survey coordinates of the site are TQ 1065 4249, with 

elevation above sea level 142.6 ± 1.4 m, and a slight Southerly 

aspect. The site for the experiment was level and not shaded by 

trees; the soil assessed as a reddish-brown sandy loam with pH 

6.4–6.8 covered by ~5 cm darker topsoil, consistent with the 

Soilscapes [53] description of “a freely draining, moderately acid 

but base-rich loamy soil” at this location. 

The study employed an in situ block plot design with four replicate 

blocks, each containing distinct grass/meadow treatment options, 

resulting in a total of 16 experimental plots (Figure 1). This 

approach, based on Sutherland [54] and Wheater [55], offered a 

controlled yet realistic setting. The randomized blocking technique 

ensured that treatments and samples were independent and met 

conditions for parametric analysis. 

 

Figure 1 • The Latin square design used for the WFM plots. Each 

plot, row, and column are numbered as shown so that any trends 

across the block could be taken into account in the analysis. 

Two distinct strategies for converting grassland to WFM were 

evaluated, involving different levels of soil disturbance and based 

on widely accepted guidelines [56, 57], namely scarification and 

deturfing; the two non-WFM treatments for comparison were 

mowing and a control. 

A homogenous surface of 8 × 8 m2 was divided into 16 plots of 

2  × 2 m2 each (Figure 2): four served as Controls; in the four 

Mown plots, the grass was cut three times in the six months of 

the experiment and left in place; in the four Scarified plots, 

above-ground biomass was removed from 50–70% of the square; 

and in the four Deturfed plots, the entire vegetal cover was 

removed including roots and topsoil to a depth of 5–10 cm to 

leave bare soil. The treatments are summarized in Box 1. 
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Figure 2 • The 16 plots on 9 March 2021, corners marked with bamboo canes, after mowing, scarifying and deturfing, but before 

sowing seeds. The nearest (with quadrat resting on it) is plot 16 (see Figure 1). 

Earthworms collected by hand were sampled in five rectangular 

cuboids of soil measuring ~15 × 20 × 15 cm arranged in the 

central square meter of each 2 × 2 m2 plot of the experiment, to 

avoid border effects (Figure 3). 

Cotton strips measuring 15 × 25 cm were placed vertically in the 

soil (five in each central square meter; Figure 3), to estimate the 

speed of degradation of these in the control and in the three 

different treatments of the experiment.  

The initial earthworm sampling measurements were collected 

prior to the WFM conversions, on March 8, 2021, referred to as 

day 0. These measurements served as the baseline for statistical 

analysis of earthworm data and were all categorized as Control 

since they were taken before conversion. For the CSA baseline, 

organic Calico sheet was cut into five sets of 16 strips measuring 

15 × 25 cm. Each strip was individually weighed, with a mean 

mass of 5.89 ± 0.18 g. It was noted that the strips were suscepti-

ble to fraying, so precautions were taken during handling to 

prevent fraying. 

 

Figure 3 • The 2 × 2 m square layout for each of the 16 plots 

showing position of the sampling pits (initially 15 × 15 × 15 cm, 

later 20 × 20 × 15 cm) and CSA cotton strips within the central 

1 × 1 m, to avoid edge effects. At each sampling session, a 

different spot was chosen within the 1 × 1 m central area, away 

from the previous dig to minimize any effects of disturbance; the 

same position was used relatively for each plot, following Wood 

et al. [58], with the position identified using a 1 × 1 m quadrat. 

The brown squares show the location of the five sampling pits, 

labeled to indicate the order. The orange lines (a–e) show where 

the CSAs were inserted. 

With the exception of the Control plots, after the initial measure-

ments, all other plots were prepared according to the three 

treatments (Box 1). Wildflower seeds were sown on the Scarified 

and Deturfed plots following the recommendations of Jarvis [56] 

and Fry et al. [59]. Two seed mixes were sourced from Emorsgate 

Seeds (Wisbech, Cambridgeshire, UK), specializing in British 

native wildflower seeds. The selected mixtures included a 

Box 1 • The four treatment or management strategies. Four 

replicates for each treatment makes 16 plots in all. 

Strategies 1 and 2 are two forms of existing management, 

Strategies 3 and 4 are the wildflower meadow (WFM) 

conversion strategies. 

1. Control: leave alone. 

2. Mown: mow infrequently, approximately every two 

months, leaving the arisings on the surface.  

3. Scarified: mow and remove arisings and enough 

existing plant biomass to leave 50–70% of the earth 

bare. Sow with wildflower seeds typical of species-

rich grassland. 

4. Deturfed: mow and remove the turf and topsoil to 

5–10 cm. Sow with wildflower seeds typical of 

species-rich grassland (as in treatment 3). 
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meadow mixture (EM4F) and a cornfield annual mixture (EC1) 

to support the establishment of the meadow mix. Recommended 

seeding rates were 1.5 g m−² for EM4F and 2 g m−² for EC1. 

Standard hand-sampling procedures, as outlined by Robertson et 

al. [60], were followed for earthworm sampling. The spit of soil 

was removed onto a tray for sorting by hand, with the earth-

worms collected in a container, counted and weighed using scales 

sensitive to 0.01 g. Both earthworm biomass and abundance were 

recorded to ensure data robustness. Sampling focused on the 

upper 15 cm of soil, consistent with the depth utilized by the UK 

Countryside Survey [5, 61], appropriate for assessing earthworms 

[46, 62, 63]. Pit dimensions were meticulously recorded to be 

used as weighting factors in the statistical analysis. 

For the CSA, the 15 × 25 cm strips were inserted into each plot 

lengthways with 5 cm of the strip wrapped around the bottom of 

the spade as it was pushed into the slot, leaving 5 cm above the 

ground. Short bamboo canes marked the positions (Figure 4). 

The strips were later retrieved, cleaned, dried, and weighed. All 

samples were dried and weighed in the same atmospheric condi-

tions as for the baseline measurement. This method is widely 

used as a practical means of comparing land management prac-

tices [64–66]. 

 

Figure 4 • Measuring out and inserting CSA cotton strips and marking with short bamboo poles for later retrieval. Left: into a Scarified 

plot. Right: into a Deturfed plot. 12 March 2021. 

The two wildflower seed mixes were mixed with a ratio of 1:0.63 

WFM mix to cornflower annual mix, prior to one-week stratifica-

tion before sowing. One portion (20.75 g) of seeds were scattered 

evenly on each of the Deturfed and Scarified plots and gently 

trodden in, without additional watering, as the ground was 

sufficiently moist. Seed germination began in the following two 

weeks. However, there followed a seven-week period with very 

low rainfall and higher-than-average temperatures, causing a 

lack of progress in seedling growth. To address this, all plots were 

watered on days 34 and 50 with at least 10 mm water. 

2.1. Further measurements 

After constructing the WFMs, measurements were taken on 

various dates as indicated in Table S1, Supplementary materials, 

which outlines the main activities with corresponding dates and 

day numbers (calculated from day 0). Measurements were also 

made of seed germination, estimated height and coverage by 

grass and forbs, and weekly measurements of rainfall and 

max/min temperature, which are all factors that may influence 

the soil biota. 

When retrieving the cotton strips (CSAs), the soil was loosened 

using a spade, and the strips were gently pulled out using the 5 

cm protruding from the soil surface. In some cases, the strips 

were too decomposed to pull, so in such instances, the soil was 

excavated and examined to retrieve all the fibers, including any 

frayed pieces. Each retrieved strip was placed in a separate 

labeled plastic bag. 

The strips removed from the plastic bags were laid out to dry 

quickly under glass to prevent further deterioration. After drying, 

soil and plant matter were meticulously removed from the strips, 

with particular attention to any fraying or loose cotton thread. 

The strips were individually placed into a sieve and washed by 

hand in soapy water using gentle agitation to remove any remain-

ing soil, followed by another drying step. Finally, no longer than 

two weeks after retrieval and within the recommended four-week 

maximum period [67], the strips were re-weighed to assess the 

extent of material loss through decomposition. 

Because it had been so dry in April and the wildflower seeds had 

scarcely germinated, the lifting of the ‘b’ strips was delayed to 

give more time to decay from day 55 to day 83. However, by day 

83, some appeared already so disintegrated; therefore, a decision 

was made to extract the ‘c’ strips at the same time and combine 

the measurements. Strips ‘d’ and ‘e’ were inserted at this time in 

a new position to cover the following weeks of the experiment. 

2.2. Data analysis 

Statistical data analysis was carried out using Excel v16.54 and 

SPSS v27 [68]. A two-way between-groups ANOVA with treat-

ment and time as the two independent variables was used to test 

the effect of treatment and time on the earthworm abundance 

and biomass data, and ANCOVA was used to adjust for the 

confounding factor of plot position. 

The Pearson product-moment correlation was used to investigate 

the relationship between earthworm mass and abundance, calcu-

lating the correlation coefficients and associated p-values. 

For the CSA, the data were modeled using linear and exponential 

curves and fitted using standard multiple regression, with time 

and treatment as independent variables and the strip mass 

remaining after time as the dependent variable, after checking 

that the assumption of normality was not invalidated. 

Given the variability in pit sizes, earthworm abundance and bio-

mass data were weighted by the area of the pit, following the ap-

proach by Robertson et al. [60]. A few pits (5 out of 80 samples) 

having a large population of ants, potentially influencing detri-

tivore populations and decomposition [69], were identified as 

low-abundance outliers and were excluded from the calculations. 
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For CSA data, the initial masses of the second set of strips (‘d’ and 

‘e’) were normalized to the final percentage remaining of the first 

set to create a continuous dataset. 

Before conducting correlation analysis or ANOVA, the data 

distributions and skewness for earthworm and CSA data were 

assessed using the Kolmogorov-Smirnov tests, Levene’s test of 

equality of error variances, and visual examination of histograms, 

Q–Q plots, and box plots. As abundance and biomass data did 

not follow a normal distribution, square-root transformations 

(abundance data) and lognormal transformations (base 10; 

biomass data) were applied before conducting ANOVA tests. 

Following data transformation to achieve normality and homoge-

neity of variances, Tukey’s adjusted differences of least square 

means were used to compare treatments. In statistical tests, a  

p-value of 0.05 or less was considered significant. Reported 

errors are ±1 standard error (SE), unless otherwise indicated. 

3. Results 

3.1. Overall earthworm abundance and biomass trends 

To understand the effects of WFM conversion, earthworm abun-

dance and biomass were measured to a depth of 15 cm, on five 

occasions spread over the six months of the project. The baseline 

count (week 0) revealed a mean of 548 ± 84 earthworms per 

square meter across the 16 plots, ranging from 110 to 905 m–2. 

After conversion (week 4), earthworm counts dropped to a mean 

of 389 ± 36 m–2 (a 29% decrease). The decline continued, hitting 

272 ± 54 m–2 at week 8 (a 48% drop) before gradually recovering 

to 540 ± 112 m–2 at the final count. Earthworm biomass began at 

75.8 ± 20.3 g m–2, stayed steady (within errors) until at least week 8, 

and then increased at each count, peaking at 137.3 ± 28.5 g m–2 

after 24 weeks. 

A robust correlation between per-plot earthworm biomass and 

abundance was evident. The Pearson product-moment correlation 

coefficient indicated a strong, significant correlation (r = 0.618, 

p < 0.001), suggesting that the average individual earthworm mass 

remained relatively consistent throughout the project. 

3.1.1. Impact of weather and vegetation cover 

The amount of grass and forbs in each plot was unsurprisingly 

affected by conversion to WFM. Grass height and coverage drop-

ped immediately due to conversion, while forbs coverage gradually 

increased, driven by wildflower seed germination and existing forb 

growth as summer approached. Although some seeds germinated 

within two weeks, growth of the wildflowers was delayed by 

unseasonably low night-time temperatures and low rainfall (only 

19% of expected) in the first eight weeks (Table S2, Supple-

mentary materials), with the UK Met Office recording fewer than 

five days with >1 mm rain in March or April [70]. 

By week 24, the Deturfed plots were 90–100% covered by forbs, 

almost entirely consisting of the sown wildflowers, the Scarified pl-

ots had ~50% forbs, while non-WFM had less than 25% (Table S3, 

Supplementary materials). Clearly, the bare and disturbed 

ground was better for seed germination, but percentage forbs 

coverage was found to be negatively correlated with earthworm 

abundance (r = –0.421, p = 0.02). In contrast, there was a posi-

tive correlation between the number of earthworms and the grass 

coverage, with percentage grass coverage positively linked to 

both earthworm abundance (r = 0.568, p ≤ 0.001) and biomass 

(r = 0.311, p = 0.007). 

3.2. The effect of treatment on earthworm 

abundance/biomass 

Table 1 summarizes earthworm abundance measurements by 

treatment. Post-conversion, the abundance dropped in all treat-

ments, but for the Control and Mown plots, the drop was not 

statistically significant (p > 0.05). By four weeks, the WFM 

abundances combined fell to 45% compared with the baseline, 

with Deturfed plots alone showing the largest reduction (to 31% 

at four weeks). 

Table 1 • Mean earthworm abundances for each treatment, starting with baseline measurements before the wildflower meadow 

(WFM) conversions had taken place, and then 4 and 24 weeks after conversion. Each abundance count is weighted by pit area and 

converted into abundance per m2. Column 4 gives the percentage abundance at four weeks divided by the baseline abundance to give 

a relative measure; column 6 gives the percentage abundance at 24 weeks relative to the baseline. Row 4 (in bold) gives the combined 

abundance of the two non-WFM treatments (Control and Mown) averaged, while row 7 (in bold) gives the combined WFM 

treatments averaged. Bottom row: average earthworm abundance for all the 16 plots. Errors are ±1 SD and have been propagated for 

the combined abundances. See also Figure 5 

 Baseline 

(m–2) 

After 4 weeks 

(m–2) 

After 4 weeks  

(% of baseline) 

After 24 weeks 

(m–2) 

After 24 weeks  

(% of baseline) 

Control 509 ± 100 489 ± 61 96 ± 23% 701 ± 189 137 ± 33% 

Mown 634 ± 28 596 ± 13 94 ± 5% 684 ± 120 108 ± 18% 

Non-WFM treatments: 

Control + Mown 

572 ± 104 543 ± 62 95 ± 11% 693 ± 224 121 ± 19% 

Scarified 543 ± 57 318 ± 47 58 ± 18% 549 ± 80 101 ± 18% 

Deturfed 504 ± 149 155 ± 24 31 ± 33% 226 ± 60 45 ± 39% 

WFM treatments: 

Scarified + Deturfed 

524 ± 160 237 ± 53 45 ± 19% 388 ± 100 74 ± 20% 

Total 548 ± 84 389 ± 36 71 ± 18% 540 ± 112 99 ± 26% 
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Using all the data, with the initial measurements classified as 

control, a one-way between-groups ANOVA on the abundance data 

revealed significant treatment differences (p < 0.05), with De-

turfed having significantly lower earthworm abundance compared 

to the other treatments (p < 0.001). Mown, Control, and Scarified 

earthworm abundances did not significantly differ from each 

other. Earthworm biomass exhibited similar patterns, with De-

turfed treatments having significantly lower earthworm biomass 

than all other treatments (p < 0.001), while in the Scarified plots, 

earthworm biomass was not significantly lower than either non-

WFM treatment. The Mown plots had significantly higher earth-

worm biomass than Control (p < 0.001). 

3.3. The effect of both time and treatment on 

earthworm abundance and biomass 

Figure 5 displays earthworm abundance and biomass grouped 

by treatment and date of sampling. Control measurements ended 

higher than for the other treatments, while the Mown plots had 

more consistently high abundance levels. The Scarified and 

Deturfed plots showed abundance declines post-conversion, with 

Scarified eventually recovering to baseline levels, but Deturfed 

remained low. 

 

Figure 5 • Earthworm abundance (top) and live biomass (bottom) divided by treatment, recorded at each of the five counts. The four 

different treatments are Control (dark blue), Mown (pink), Scarified (turquoise), and Deturfed (green). The first bars are shaded to 

show that this count (at week 0) was recorded before the WFM conversions had taken place, and the measurements are therefore 

‘baseline’ or ‘control’. Note that the x-axis is not proportional; the tick marks correspond to each count. Error bars ±1 SE. 

Two-way between-groups ANOVA with treatment and time as 

the two independent variables were performed to test the effect 

of treatment and time on the abundance and biomass data. In 

both cases, the interaction between treatment and time was not 

significant (F = 1.01, p = 0.442 and F = 0.916, p = 0.518, 

respectively). 

For earthworm abundance, there were statistically significant 

main effects for both time and treatment when tested separately 

(F = 5.218, p < 0.001 and F = 20.432, p < 0.001, respectively) 

with partial eta squared = 0.265 and 0.514, respectively, suggest-

ing that 51% of the difference in variance was due to treatment. 

Post-hoc comparisons using the Tukey HSD test indicated that 

the mean score for Deturfed (M = 12.30, SD = 3.25) was 

significantly lower than all other treatments (p < 0.001), Mown 

(M = 24.12, SD = 3.90) was significantly higher than Scarified 

(M = 19.84, SD = 3.95), while Control (M = 21.34, SD = 6.03) did 

not differ significantly from either Mown or Scarified. 

For earthworm biomass, there were also statistically significant 

main effects for both time and treatment when tested separately 

(F = 3.865, p = 0.008 and F = 14.429, p < 0.001, respectively) 

with partial eta squared = 0.21 and 0.427, respectively, 

suggesting that 43% of the differences were due to treatment. 

Post-hoc comparisons using the Tukey HSD test indicated that 

the mean score for Deturfed (M = 1.48, SD = 0.36) was 

significantly lower than all other treatments (p < 0.001), Mown 

(M = 2.15, SD = 0.22) was significantly higher than Control 

(M = 1.79, SD=0.32), while Scarified (M = 1.90, SD = 0.30) did 

not differ significantly from either Mown or Control. 
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3.3.1. Consideration of plot position 

To account for potential plot position effects, correlations between 

plot position variables (Figure 1) and earthworm abundance and 

biomass were assessed. A small but significant correlation emerged 

between row and earthworm biomass (r = –0.276, N = 75, 

p = 0.017), suggesting that row number influenced results by 17%. 

A two-way ANCOVA adjusted for row number increased the 

significance of the relationships among earthworm biomass, 

time, and treatment (partial eta squared increased from 0.21 to 

0.25 for time and from 0.427 to 0.472 for treatment), indicating 

that 47% of the effect was due to treatment once row number was 

accounted for. 

3.4. CSA trends 

The CSA showed decay across all treatments (Table 2), and 

while an exponential decay and linear decay model both provide 

good fits, the linear model slightly outperforms the exponential 

model (Figure 6). 

Table 2 • Decomposition rates per day and per year using a linear fit to the CSA decay, grouped by treatment. m is the gradient of 

the decay in percentage lost per day. Errors are ±1 SE; n = 20. See also Figure 6 

Linear fit m (% per day) Error on m m (% per year) Error Intercept in % Error on intercept 

Control 0.438 0.039 159.9 14.2 101.7 3.4 

Mown 0.540 0.043 197.1 15.7 100.8 3.8 

Scarified 0.440 0.061 160.6 22.0 100.5 5.4 

Deturfed 0.323 0.047 117.9 17.1 101.6 4.1 

 

 

Figure 6 • CSA measurements of the mean percentage mass of 

the cotton strips remaining after the time buried in the soil (x-

axis) separated by treatment, fitted with a linear model, the 

parameters given in Table 2. 

CSA decay depended on treatment. Time was the dominant factor 

in the measurement of the percentage strip mass remaining 

(87%), while treatment contributed 13% (p < 0.001, p = 0.016). 

The Mown plot CSAs exhibited the highest decay rates, while the 

Deturfed plots had the lowest. The Control and Scarified CSAs 

showed similar rates. 

4. Discussion 

The results indicate that converting grassland to WFM can 

indeed have a significant effect on both earthworm and microbial 

populations, contrary to the null hypothesis that converting 

grassland into WFM using either of two strategies does not 

change the decomposer population in soil over one growing sea-

son (H0; Section 1). The differing impacts of mowing, scarifying, 

or deturfing highlight the importance of WFM conversion strat-

egy on soil life and potentially on CS. 

4.1. Effect of WFM conversion method 

Grassland in the UK typically sustains 100–500 earthworms m−2 

[62]. In this study, we measured a healthy baseline earthworm 

abundance of 548 ± 84 m–2, with live biomass measurements 

between 75 and 138 g m–2, higher than the 30–100 g m–2 normal 

range suggested by Lavelle et al. [71], suggestive of an active, 

fertile soil. The sampling did not distinguish between types of 

earthworms and comprised epigeic, endogeic, and anecic earth-

worms. Averaging over all plots, earthworm abundance signifi-

cantly declined by 29% immediately upon WFM conversion, later 

dropping by an additional 20% before gradually recovering to 

99% of the baseline by 24 weeks. This initial decline suggests that 

the earthworms were negatively affected by disturbance, mirror-

ing findings by George et al. [72]. 

All cotton strips decomposed steadily when buried with a mean 

decay of 0.44 ± 0.08% per day, taking 192–278 days for complete 

decomposition, consistent with other studies on cotton strip 

mass loss [73]. Generally, microbial decay, rather than chemical 

breakdown, leads to CSA disintegration [67]. 

Earthworm abundance and biomass exhibit seasonal variation  

[54, 74], increasing from early spring to late summer. The rebound 

after week 8 may be a seasonal effect, while the earlier drop 

between weeks 2 and 8 coincided with low rainfall, impacting 

earthworms which are sensitive to drought [75]. Interestingly, 

the earthworms in the Mown plots fared better, possibly due to 

surface mulching by arisings, mitigating loss of moisture. These 

specific outcomes may be soil-type- and weather-dependent, but 

the thick thatch providing mulch for the Control plots makes it 

unlikely to be the sole explanation. 

Comparing treatments reinforces evidence against H0. The 

earthworm abundance after conversion fell by 55% when only the 

WFM treatments are considered, while the abundance was 

maintained in the non-WFM treatments. Similarly, CSA decay 

rates varied among treatments, with the Mown CSAs showing the 

fastest decay (0.54 ± 0.043% per day) and Deturfed CSAs the 

slowest (0.323 ± 0.047% per day). This suggests reduced 

microbial activity in the Deturfed plots and heightened activity in 

the Mown plots. 
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Because of the removal of the organic layer in both the Scarified 

and Deturfed plots, and in addition 5–10 cm soil in the Deturfed 

plots, the earthworms were effectively sampled from greater 

depth in the soil in these treatments, where the earthworm 

density was generally found to be lower. This adds weight to the 

finding that the earthworms were more numerous in the Control 

and Mown cases. Likewise, the CSA strips were inserted at a 

greater depth relative to the soil horizon in the Scarified and 

Deturfed plots, and were missing the organic layer where more 

biodegradation would be expected. 

Mown treatment yielded the highest earthworm populations 

throughout, significantly surpassing other treatments, unlike in 

the experiment conducted by Hyvönen et al. [76] who found 

fewer earthworms in their Mown treatments compared with 

WFM over a long-term (15-year) experiment on annual autumn 

mowing, but their experiment may have been affected by alle-

lopathy from Centaurea jacea [76]. 

The Deturfed plots displayed the lowest earthworm counts, even 

after wildflower growth. Rainfall after week 8 failed to attract 

earthworms back into the Deturfed plots. The Scarified treatment 

produced similar earthworm populations and CSA decay rates to 

the Control, suggesting that the initial surface disturbance and 

removal of thatch had little effect on the soil community, and the 

addition of the wildflowers made little difference. In some 

Control plots, earthworm counts were very low; just a single 

earthworm (equivalent to 21 m–2) was retrieved from one plot at 

the eight-week count, attributed to an ants’ nest found at this 

position. Alternatively, it could be that the thick root mat 

discouraged earthworm foraging [76], but this would also be true 

of the Mown plots that never yielded fewer than 10 earthworms 

(217 m–2) in a single plot count. 

4.2. Consistency of findings between earthworms and 

CSA 

While no statistical correlation can be sought between the 

continuous CSA decay measurement and discrete earthworm 

samples, both metrics reflected treatment effects. The measure-

ments indicate that the soil community was more active in the 

Mown plots and was reduced in the Deturfed plots, while 

conversion by scarifying maintained levels similar to those found 

in the undisturbed Controls. Many microorganisms in soil re-

main dormant until stimulated into activity, perhaps by earth-

worms [77, 78] or by other factors that also affect earthworms 

such as moisture, and the fact that the earthworm results and 

CSA tracked each other suggests that these may be influenced by 

the same factors, unlike the results described by Hansen et al. 

[79] and George et al. [72] where the earthworms and microbes 

responded differently: in these studies, earthworms were most 

(negatively) affected by disturbance, while microbes responded 

to soil properties and nutrient availability. However, the Hansen 

et al. [79] experiment compared the effect on earthworms and 

microbial soil life of straw being either incorporated or removed 

and turned into biochar before returning to the soil. Therefore, 

the OM being applied and the method of incorporation (using 

disc harrow) were different from the current work; in particular, 

the plots with most OM added were also the most disturbed. 

George et al. [72] conducted a meta-study addressing the impact 

of agricultural intensification on diverse ecosystems, finding that 

soil fauna was generally impacted by the land management, while 

microbial communities responded to the nutrient availability. In 

terms of the microbial soil life, this is consistent with the current 

work where the highest level of nutrient availability correspond-

ed to the fastest CSA decay, but their study showed maximum 

numbers of earthworms in their undisturbed control plots, which 

is different from this work. 

4.3. Disturbance or intermediate disturbance 

Conversion of grassland to cultivated crops is known to affect CS 

[34, 80, 81]. The disturbance caused by the deturfing could be 

seen as akin to cultivation, expected to reduce CS, demonstrated 

by reduced earthworms and CSA decay rate. However, the 

breaking of soil aggregates during deturfing could have increased 

microbial access to OM and therefore decomposition [50, 82], 

but this was not seen, perhaps because the turfs were removed 

without any digging of the soil underneath the turfs. Vegetation 

removal could lead to reduced earthworms [78] and lower 

microbial activity due to more extreme temperatures and drier 

soil [83]. Reduced earthworm populations and CSA decay in the 

Deturfed and Scarified plots followed by slow recovery align with 

these findings. Wang et al. [84] found that microbial commu-

nities respond to “site preparation”, whereby clearing brush 

reduces bacteria and fungi due to loss of roots and litter, but 

where decaying plant matter is left, the opposite is seen, aligning 

with the findings from the Mown plots. 

Grassland will eventually revert to woodland without management 

[13, 85] through succession, generally leading to increased carbon 

storage in biomass above and below ground [86]. However, a low 

or intermediate level of disturbance [49], like mowing or grazing, 

is known to support high species diversity [87, 88], but impacts on 

soil biota remain unclear due to niche differentiation [89]. 

Consistent with the Intermediate Disturbance Hypothesis, in this 

study the Mown plots with a low-level disturbance were seen to 

have increased soil activity compared to Control. 

4.4. Plant diversity and root exudates 

Species-rich grasslands hold more carbon than intensively man-

aged grasslands [61, 90], which suggests high species diversity 

may be the cause. Alternatively, it could be because species-rich 

grasslands are not disturbed. In a wide-ranging literature review, 

Moxley et al. [91] found that deep roots relating to a diverse 

sward can increase CS, but they admit that there is a knowledge 

gap around the disturbance of re-seeding grassland. Dicks et al. 

[27] summarizing 28 studies on restoring species-rich grassland 

found that earthworm abundance increased compared with the 

control, either because of lack of disturbance or increased 

diversity. 

Many wildflowers are well-adapted, resilient species producing 

biomass even when conditions are not ideal [81]. In the WFM 

plots, diverse plants with differing root depths and exudates are 

expected to increase soil microbial activity [10, 92–94]; they 

enhanced microbial activity and dense ground cover (preventing 

loss of soil moisture), thereby enhancing SOC and resilience to 

climate change [10, 92]. However, our CSA results did not 

confirm this; in the short term, disturbance appeared to be the 

dominant factor rather than the higher plant diversity found in 

the WFM plots compared with the non-WFM plots. 

Similarly, earthworm abundance has been found to be related to 

net primary production (NPP) or root depth [30, 95]. Species-

rich grassland has higher root-derived organic carbon inputs and 

longer mean soil residence time than arable crops [96]. The 

longer residence time of root-derived than shoot-derived carbon 
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(~2.4 times) is thought to be due to the effect of mycorrhiza fungi 

and chemical interactions at depth [97]. We found that earth-

worm numbers correlated with grass coverage and therefore 

NPP, but negatively with forbs (Section 3.1), possibly due to 

intrinsic grass preference, lower disturbance in grassy plots, or 

less favorable soil conditions in WFMs. Wildflowers did not have 

a positive impact on earthworms, but this could change with 

longer timescales. 

Mowing stimulates grass growth, enhancing NPP, which can itself 

lead to an increase in SOC [98, 99]. Leftover arisings can also 

maintain SOC [98], a finding that is supported by increased earth-

worms in the Mown plots. Root pruning from mowing can lead to 

dead roots providing material for decomposition [100], benefiting 

life in the soil, while forbs may not respond well to mowing. 

Scarifying was seen to maintain soil communities at similar levels 

to Control, while mowing promoted the highest soil biota abun-

dance, unaffected by wildflowers’ presence or absence. The 

Deturfed plots displayed abundant wildflowers (Table S3, Sup-

plementary materials) but may require ongoing intervention for 

perennial wildflower maintenance to prevent the plots from 

returning to grass dominance. 

4.5. The theory of soil 

The soil food web collaborates to maintain the optimal conditions 

for soil life, akin to the Gaia theory proposed by Lovelock [101] 

and expanded upon by Lenton and Latour [102]. Neal et al. [51] 

further developed a “theory of soil” that establishes crucial con-

nections between the physical structure and biological functions in 

the soil which are influenced by soil management decisions. These 

associations support the theory that the soil biota self-organizes 

and influences soil structure with the quality of organic carbon 

inputs exerting an influence on the nature of this association. If the 

resulting SOM possesses a high carbon to nitrogen ratio, microbes 

are prompted to manage excess carbon by excreting it in extra-

cellular polymeric substances to create soil aggregates [103], a 

structure in which microbes thrive. With the addition of extra 

nitrogen, microbes metabolize the excess carbon, releasing CO2 

[51]. This results in the loss of carbon, causing pores to shrink and 

diminishing the soil’s ability to support microbial life [51]. 

The Control plots featured a thick (~5 cm) thatch of dry, nitrogen-

poor OM, combined with roots, forbs, and grass. Overcrowding 

would have led to reduced light and warmth, hindering strong 

grass growth [41]. The slow decomposition of thatch, containing 

high lignin content, is typically associated with fungal dominance 

[104–106], and in this situation, CO2 emissions from respiration 

tend to be low [51]. The slow processing of the thatch and grass 

roots would lead to gradual CS. 

In contrast, the Mown treatment introduced OM from grass 

clippings which are typically nitrogen-rich [76], favoring bacte-

rial decomposition over fungal [42], leading to increased CO2 

emissions and lower CS [107]. However, an increase in earth-

worms was also observed, suggesting that while there may have 

been an initial increase in mineralization, eventually it would 

lead to increased CS [108] with an associated increase in SOM, 

itself vital for other soil functions [31]. 

Both WFM treatments (Deturfed and Scarified) led to reduced 

thatch and plant biomass for decomposition. This may have 

altered the bacteria-to-fungi ratio. The Scarified plots lost slowly 

decaying, carbon-rich material but also experienced initial 

disruption, decreasing decomposition subsystems. The Deturfed 

plots, with the most soil disturbance and no fresh nitrogenous 

matter added, also showed reduced decomposition. No evidence 

of fungal colonization increasing CSA mass, as suggested by 

Latter et al. [48], was found. 

Soil carbon in grassland is expected to reach an equilibrium 

related to nutrient availability [94, 109, 110]. The Control plots’ 
medium activity may be due to equilibrium as the land had been 

grazed intermittently for ~50 years. On the other hand, high 

fertilizer input can lead to low CS [82]. There may be a man-

agement sweet spot enhancing carbon by increasing primary 

productivity, possibly through species diversity, without over-

stimulating decomposition [10]. The Mown plots may have 

benefited from modest fertilization without excessive decom-

position. In WFM, deeper roots, legumes, and some disturbance 

may increase fertility in the future, eventually surpassing 

Control’s earthworm and microbial activity. 

Indicators like earthworms or CSA are practical for assessing soil 

health but can oversimplify complex soil processes, drawing 

criticism from some authors [111]. Analyzing soil samples for 

carbon content or measuring greenhouse gas emissions would 

reveal whether CSA decay is linked more to CS or mineralization. 

Separating bacterial and fungal activities, increasingly investi-

gated through genetic sequencing, can offer a clearer under-

standing of the processes involved (e.g., [51]). 

5. Conclusions 

The need for land management practices associated with halting 

biodiversity loss and climate change has led to wide interest in 

converting grassland to WFMs. It has been claimed that WFM tend 

to sequester soil carbon at a higher rate than other grassland. 

However, while many have researched the effect on biodiversity 

associated WFM, the effect on CS and the soil biota has been less 

well studied, particularly with respect to strategies for making 

WFM. Until this aspect is better understood, land workers and 

managers cannot aim to optimize both biodiversity and CS. 

Results revealed that WFM conversions significantly affected 

earthworm populations and CSA decay rates. Earthworm abun-

dance dropped by 55% in the WFM plots, with the Deturfed plots 

being the most affected. In contrast, the Control and Mown plots 

maintained their earthworm populations. The CSA decay rate 

was fastest in the Mown plots and slowest in the Deturfed plots. 

Overall, the Mown plots maintained a healthier soil decomposer 

population most likely due to lower disturbance and provision of 

resources by leaving arisings. In the Deturfed plots, the earth-

worm population suffered from resource removal and disturb-

ance, and the addition of wildflowers did not compensate. 

The experiment highlighted that initial earthworm abundance/

biomass and CSA decomposition changes were primarily influ-

enced by disturbance rather than the higher plant diversity 

provided by the growth of wildflowers in the WFM plots. Infre-

quent mowing leaving arisings outperformed the WFM plots in 

terms of soil activity but produced fewer wildflowers. Although CS 

wasn’t directly measured, the plots with higher earthworm popula-

tions and a more active microbial community could potentially 

have a higher level of CS. The soil community in the Deturfed plots 

did not recover during the six months of the experiment. 
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In conclusion, converting grassland to WFM may enhance above-

ground biodiversity, but removing topsoil to reduce fertility 

should be reconsidered. Scarifying, which maintains soil life and 

provides space for wildflower germination, can be a successful 

WFM strategy without turf removal. Infrequent mowing leaving 

arisings keeps the soil community active but doesn’t promote 

wildflowers. These findings may vary in different conditions. 

Given the limited existing knowledge on the impact of WFM on 

CS, further research is essential, considering various parameters 

like timing, frequency, soil types, climate, and land use histories. 

It is crucial to explore best practices for meadow-making as a 

strategy to enhance biodiversity, CS, and soil-based ecosystem 

services. If these findings are validated in broader experiments, 

they should influence guidelines for nature-based solutions to 

address climate change and biodiversity challenges. 
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 2. Pörtner H-O, Roberts D, Poloczanska E, Mintenbeck K, 

Tignor M, Alegría A, et al. IPCC 2022: summary for poli-

cymakers. Climate change 2022: impacts, adapt vulner-

ability. Cambridge: Cambridge University Press; 2022. 

 3. UNFCCC. The Paris agreement; 2016 [cited 2024 July 24]. 

Available from: http://unfccc.int/paris_agreement/items/

9485.php 

 4. Brown C, Alexander P, Arneth A, Holman I, Rounsevell M. 

Achievement of Paris climate goals unlikely due to time 

lags in the land system. Nat Clim Chang. 2019;9:203–8. 

doi: 10.1038/s41558-019-0400-5 

 5. NCC. Advice on using nature based interventions to reach 

net zero greenhouse gas emissions by 2050; 2020 [cited 

2024 July 24]. Available from: https://www.gov.uk/gov-

ernment/groups/natural-capital-committee 



https://www.academia.edu/journals/academia-environmental-sciences-and-sustainability/about https://doi.org/10.20935/AcadEnvSci6238 

ACADEMIA ENVIRONMENTAL SCIENCES AND SUSTAINABILITY 2024, 1 11 of 14 

 6. DEFRA. The environmental land management scheme: 

public money for public goods; 2020 [cited 2021 Feb 19]. 

Available from: https://www.gov.uk/government/publica-

tions/the-environmental-land-management-scheme-an-

overview/the-environmental-land-management-scheme-

public-money-for-public-goods 

 7. Kardol P, Wardle DA. How understanding aboveground-

belowground linkages can assist restoration ecology. Tre-

nds Ecol Evol. 2010;25:670–9. doi: 10.1016/j.tree.2010.

09.001 

 8. Weisser WW, Roscher C, Meyer S, Ebeling A, Luo G, Allan 

E, et al. Biodiversity effects on ecosystem functioning in a 

15-year grassland experiment: patterns, mechanisms, and 

open questions. Basic Appl Ecol. 2017;23:1–73. doi: 10.

1016/j.baae.2017.06.002 

 9. DeDeyn G, Shiel RS, Ostle NJ, Mcnamara NP, Oakley S, 

Young I, et al. Additional carbon sequestration benefits of 

grassland diversity restoration. J Appl Ecol. 2011;48:600–8. 

doi: 10.1111/j.1365-2664.2010.01925.x 

 10. Ward SE, Smart S, Quirk H, Tallowin J, Mortimer S, Shiel 

R, et al. Legacy effects of grassland management on soil 

carbon to depth. Glob Chang Biol. 2016;22:2929–38. doi: 

10.1111/gcb.13246 

 11. Cole LJ, Brocklehurst S, Robertson D, Harrison W, 

McCracken D. Exploring the interactions between resource 

availability and the utilisation of semi-natural habitats by 

insect pollinators in an intensive agricultural landscape. 

Agric Ecosyst Environ. 2017;246:157–67. doi: 10.1016/j.

agee.2017.05.007 

 12. Burton RJF, Riley M. Traditional ecological knowledge 

from the internet? The case of hay meadows in Europe. 

Land Use Policy. 2018;70:334–46. doi: 10.1016/j.landusepol.

2017.10.014 

 13. Wahlman H, Milberg P. Management of semi-natural 

grassland vegetation: evaluation of a long-term experiment 

in southern Sweden. Ann Bot Fenn. 2002;39:159–66.  

 14. Auestad I, Rydgren K, Austad I. Road verges: potential 

refuges for declining grassland species despite remnant 

vegetation dynamics. Ann Bot Fenn. 2011;48:289–303. 

 15. Lawton G. The call of rewilding. New Sci. 2018;240:34–8. 

 16. Fuller RM. The changing extent and conservation interest of 

lowland grasslands in England and Wales: a review of grass-

land surveys 1930–1984. Biol Conserv. 1987;40:281–300. 

doi: 10.1016/0006-3207(87)90121-2 

 17. Riley M. Silent meadows: the uncertain decline and conser-

vation of hay meadows in the British landscape. Landsc 

Res. 2005;30:437–58. doi: 10.1080/01426390500273080 

 18. Morelle R. Conservationists warn of hay meadow decline - 

BBC News 2010; [cited 2022 June 28]. Available from: 

http://www.bbc.com/news/10381309 

 19. Riley M. Ask the fellows who cut the hay: farm practices, 

oral history and nature conservation. Oral Hist. 2004;32:

45–53. 

 20. Barkham P. Flower power! The movement to bring back 

Britain’s beautiful meadows. Guard; 2021 Jan 28. Available 

from: https://www.theguardian.com/environment/2021/

jan/28/flower-power-the-movement-to-bring-back-britains-

beautiful-meadows 

 21. Riley M. Reconsidering conceptualisations of farm conser-

vation activity: the case of conserving hay meadows. J 

Rural Stud. 2006;22:337–53. doi: 10.1016/j.jrurstud.2005.

10.005 

 22. Tilman D, Knops J, Wedin D, Reich P, Ritchie M, Siemann 

E. The influence of functional diversity and composition on 

ecosystem processes. Science (80-). 1997;277:1300–2. doi: 

10.1126/science.277.5330.1300 

 23. Tilman D, Reich P, Knops J, Wedin D, Mielke T, Lehman 

C. Diversity and productivity in a long-term grassland 

experiment. Science (80-). 2001;294:843–5. doi: 10.1126/

science.1060391 

 24. Tree I. Wilding. London: Picador; 2018. 

 25. Walker KJ, Stevens PA, Stevens DP, Mountford JO, 

Manchester SJ, Pywell RF. The restoration and re-creation 

of species-rich lowland grassland on land formerly man-

aged for intensive agriculture in the UK. Biol Conserv. 

2004;119:1–18. doi: 10.1016/j.biocon.2003.10.020 

 26. Pywell R, Bullock J, Tallowin J, Walker K, Warman E, 

Masters G. Enhancing diversity of species-poor grasslands: 

an experimental assessment of multiple constraints. J Appl 

Ecol. 2007;44:81–94. doi: 10.1111/j.1365-2664.2006.01260.x 

 27. Dicks L, Ashpole J, Danhardt J, James K, Jonsson A, 

Randall N, et al. Farmland conservation: evidence for the 

effects of interventions in Northern Europe. Synopses of 

conservation evidence series. Exeter: Pelagic Publishing; 

2013. 

 28. Committee on World Food Security (CFS). Agroecological 

and other innovative approaches for sustainable agricul-

ture and food systems that enhance food security and 

nutrition; 2019 [cited 2022 Jan 15]. Available from: http://

www.fao.org/cfs/cfs-hlpe 

 29. Lal R. Soil management for carbon sequestration. South 

Afr J Plant Soil. 2021;38:231–7. doi: 10.1080/02571862.

2021.1891474 

 30. Turbé A, De Toni A, Benito P, Lavelle P, Lavelle P, Ruiz N, 

et al. Soil biodiversity: functions, threats and tools for 

policy makers. BIO Intelligence Service IRD, NIOO, Report 

for European Commission (DG Environment); 2010. 

 31. Baveye PC, Schnee L, Boivin P, Laba M, Radulovich R. Soil 

organic matter research and climate change: merely re-

storing carbon versus restoring soil functions. Front 

Environ Sci. 2020;8:1–8. doi: 10.3389/fenvs.2020.579904 

 32. Smith P, Soussana J, Angers D, Schipper L, Chenu C, Rasse 

D, et al. How to measure, report and verify soil carbon 

change to realize the potential of soil carbon sequestration 

for atmospheric greenhouse gas removal. Glob Chang Biol. 

2020;26:219–41. doi: 10.1111/gcb.14815 

 33. Berg M, De Ruiter P, Didden W, Janssen M, Schouten T, 

Verhoef H. Community food web, decomposition and 

nitrogen mineralisation in a stratified Scots pine forest soil. 

Oikos. 2001;94:130–42. doi: 10.1034/j.1600-0706.2001.

09121.x 



https://www.academia.edu/journals/academia-environmental-sciences-and-sustainability/about https://doi.org/10.20935/AcadEnvSci6238 

ACADEMIA ENVIRONMENTAL SCIENCES AND SUSTAINABILITY 2024, 1 12 of 14 

 34. Conant RT, Cerri C, Osborne B, Paustian K. Grassland 

management impacts on soil carbon stocks: a new synthe-

sis. Ecol Appl. 2017;27:662–8. doi: 10.1002/eap.1473 

 35. Ostle NJ, Levy P, Evans C, Smith P. UK land use and soil 

carbon sequestration. Land Use Policy. 2009;26:274–83. 

doi: 10.1016/j.landusepol.2009.08.006 

 36. Madigan AP, Zimmermann J, Krol DJ, Williams M, Jones 

M. Full inversion tillage (FIT) during pasture renewal as a 

potential management strategy for enhanced carbon 

sequestration and storage in Irish grassland soils. Sci Total 

Environ. 2022;805:150342. doi: 10.1016/j.scitotenv.2021.

150342 

 37. Yang Y, Tilman D, Furey G, Lehman C. Soil carbon seques-

tration accelerated by restoration of grassland biodiversity. 

Nat Commun. 2019;10:1–7. doi: 10.1038/s41467-019-

08636-w 

 38. Socher SA, Prati D, Boch S, Müller J, Klaus V, Hölzel N, et 

al. Direct and productivity-mediated indirect effects of 

fertilization, mowing and grazing on grassland species 

richness. J Ecol. 2012;100:1391–9. doi: 10.1111/j.1365-

2745.2012.02020.x 

 39. Critchley CNR, Fowbert JA, Wright B. Dynamics of 

species-rich upland hay meadows over 15 years and their 

relation with agricultural management practices. Appl Veg 

Sci. 2007;10:307–14. doi: 10.1111/j.1654-109X.2007.tb00

429.x 

 40. Chollet S, Brabant C, Tessier S, Jung V. From urban lawns 

to urban meadows: reduction of mowing frequency in-

creases plant taxonomic, functional and phylogenetic di-

versity. Landsc Urban Plan. 2018;180:121–4. doi: 10.1016/

j.landurbplan.2018.08.009 

 41. Hayden R. Wild work, climate change and amenity grass-

land management; 2020 [cited 2024 July 24]. Available 

from: http://www.wildwork.ie/wp-content/uploads/2020/

11/Wild-Work-Climate-Change-and-Amenity-Grassland-

Management.pdf 

 42. Jones MB, Donnelly A. Carbon sequestration in temperate 

grassland ecosystems and the influence of management, 

climate and elevated CO2. New Phytol. 2004;164:423–39. 

doi: 10.1111/j.1469-8137.2004.01201.x 

 43. Lavelle P, Decaëns T, Aubert M, Barot S, Blouin M, Bureau 

F, et al. Soil invertebrates and ecosystem services. Eur J 

Soil Biol. 2006;42:S3–S15 doi: 10.1016/j.ejsobi.2006.10.

002 

 44. de Ruiter PC, Neutel AM, Moore JC. Modelling food webs 

and nutrient cycling in agro-ecosystems. Trends Ecol Evol. 

1994;9:378–83. doi: 10.1016/0169-5347(94)90059-0 

 45. Coleman DC, Crossley DA, Hendrix PF. Chapter 4 of 

fundamentals of soil ecology: secondary production: activ-

ities of heterotrophic organisms—the soil fauna. In: 

Fundamentals of soil ecology. Burlington: Elsevier; 2004. 

p. 79–185. doi: 10.1016/b978-012179726-3/50005-8 

 46. Adil M, Sehar S, Nordin N, Chaudhry A, Jilani G, Shamsi I, 

et al. Effect of spatio-temporal and land-use variability on 

earthworm distribution in mango orchards. Wulfenia J. 

2019;26:63–83. 

 47. Twerski A, Fischer C, Albrecht H. Effects of rare arable 

plants on plant diversity, productivity and soil fertility in 

agricultural fields. Agric Ecosyst Environ. 2021;307:1-7 

doi: 10.1016/j.agee.2020.107237 

 48. Latter P, Harrison A. Decomposition of cellulose in relation 

to soil properties and plant growth. In: Harrison A, Latter 

P, Walton D, editors. Cott strip assay an index decompos 

soils. Centre for Ecology and Hydrology, NERC/ITE UK; 

1988. p. 68. 

 49. Connell JH. Diversity in tropical rain forests and coral 

reefs. Science. 1978;199:1302–10. 

 50. Blanco-Canqui H, Lal R. Mechanisms of carbon sequestra-

tion in soil aggregates. CRC Crit Rev Plant Sci. 2004;23:

481–504. doi: 10.1080/07352680490886842 

 51. Neal AL, Bacq-Labreuil A, Zhang X, Clark I, Coleman K, 

Mooney S, et al. Soil as an extended composite phenotype 

of the microbial metagenome. Sci Rep. 2020;10:1–16. doi: 

10.1038/s41598-020-67631-0 

 52. French DD. Seasonal patterns in cotton strip decomposi-

tion in soils. In: Harrison A, Latter P, Walton DS, editors. 

Cott strip assay an index decompos soils. Grange-over-

Sands: NERC/ITE UK Centre for Ecology and Hydrology, 

NERC/ITE UK; 1988. p. 46–9. 

 53. Farewell TS, Truckell I, Keay C, Hallett S. The use and 

applications of the Soilscapes datasets; 2011 [cited 2024 

July 24]. p. 23. Available from: http://dspace.lib.cranfield.

ac.uk/handle/1826/6454 

 54. Sutherland W. Ecological census techniques a handbook. 

2nd ed. Sutherland W, editor. Cambridge: Cambridge 

University Press; 2006. 

 55. Wheater CP, Bell JR, Cook PA. Practical field ecology. 1st 

ed. Chichester: Wiley-Blackwell; 2011. 

 56. Jarvis D. Wildflower meadow creation and management in 

land regeneration; 2014 [cited 2022 Feb 24]. Available 

from: http://www.forestry.gov.uk/forestresearch 

 57. Bromley J, Mccarthy B, Shellswell C. Managing grassland 

road verges: a best practice guide. Salisbury: Plantlife; 

2019. 

 58. Wood C, Alison J, Botham M, Burden A, Edwards F, 

Garbutt RA, et al. Integrated ecological monitoring in 

Wales: the glastir monitoring and evaluation programme 

field survey. UKCEH. Earth Syst Sci Data Discuss. 2021; 

1–29. doi: 10.5194/essd-2021-65 

 59. Fry EL, Pilgrim E, Tallowin J, Smith R, Mortimer S, 

Beaumont D, et al. Plant, soil and microbial controls on 

grassland diversity restoration: a long-term, multi-site 

mesocosm experiment. J Appl Ecol. 2017;54:1320–30. doi: 

10.1111/1365-2664.12869 

 60. Robertson GP, Coleman D, Bledsoe C, Sollins P. Standard 

soil methods for long-term ecological research. long-term. 

In: Robertson GP, Coleman DC, Bledsoe CS, Sollins P, 

editors. Oxford: Oxford University Press; 1999. 

 61. Carey PD, Wallis S, Chamberlain P, Cooper A, Emmett B, 

Maskell L, et al. Countryside survey: UK results from 2007. 

Centre for Ecology and Hydrology, NERC/ITE UK; 2008. 



https://www.academia.edu/journals/academia-environmental-sciences-and-sustainability/about https://doi.org/10.20935/AcadEnvSci6238 

ACADEMIA ENVIRONMENTAL SCIENCES AND SUSTAINABILITY 2024, 1 13 of 14 

 62. Bohlen PJ, Edwards CA. Earthworm effects on N dynamics 

and soil respiration in microcosms receiving organic and 

inorganic nutrients. Soil Biol Biochem. 1995;27:341–8. 

 63. Hartemink AE, Zhang Y, Bockheim J, Curi N, Silva S, 

Grauer-Gray J, et al. Soil horizon variation: a review. 

Advances in agronomy. 1st ed.; 2020. p. 125–85. doi: 

10.1016/bs.agron.2019.10.003 

 64. Colas F, Woodward G, Burdon F, Guérold F, Chauvet E, 

Cornut J, et al. Towards a simple global-standard bioassay 

for a key ecosystem process: organic-matter decomposition 

using cotton strips. Ecol Indic. 2019;106. doi: 10.1016/

j.ecolind.2019.105466 

 65. Gestel CAM, Kruidenier M, Berg MP. Suitability of wheat 

straw decomposition, cotton strip degradation and bait-

lamina feeding tests to determine soil invertebrate activity. 

Biol Fertil Soils. 2003;37:115–23. doi: 10.1007/s00374-

002-0575-0 

 66. Tiegs ASD, Langhans S, Tockner K, Gessner M. Cotton 

strips as a leaf surrogate to measure decomposition in river 

floodplain habitats. J North Am Benthol Soc. 2007;26:70–7. 

 67. Latter PM, Bancroft G, Gillespie J. Technical aspects of the 

cotton strip assay in soils. Int Biodeterior. 1988;24:25–47. 

doi: 10.1016/0265-3036(88)90073-5 

 68. Pallant J. SPSS Survival manual: a step by step guide to 

data analysis using IBM SPSS. 5th ed. Oxford: Open 

University Press; 2013. 

 69. Ehrenfeld JG. Ecosystem consequences of biological inva-

sions. Annu Rev Ecol Evol Syst. 2010;41:59–80. doi: 10.1146/

annurev-ecolsys-102209-144650 

 70. Metoffice UK. Metoffice UK actual and anomaly maps. 

[cited 2024 May 27]. Available from: https://www.met

office.gov.uk/research/climate/maps-and-data/uk-actual-

and-anomaly-maps 

 71. Lavelle P, Bignell D, Lepage M, Wolters V, Roger P, Ineson 

P, et al. Soil function in a changing world: the role of 

invertebrate ecosystem engineers. Eur J Soil Biol. 1997;

33:159–93.  

 72. George PBL, Lallias D, Creer S, Seaton F, Kenny J, Eccles 

R, et al. Divergent national-scale trends of microbial and 

animal biodiversity revealed across diverse temperate soil 

ecosystems. Nat Commun. 2019;10:1–11. doi: 10.1038/

s41467-019-09031-1 

 73. Harrison A, Latter P, Walton D. Cotton strip assay: an 

index of decomposition in soils. In: Harrison A, Latter P, 

Walton D, editors. Grange-over-Sands: NERC/ITE UK 

Centre for Ecology and Hydrology; 1988. 

 74. Spurgeon DJ, Hopkin SP. Seasonal variation in the 

abundance, biomass and biodiversity of earthworms in 

soils contaminated with metal emissions from a primary 

smelting works. J Appl Ecol. 1999;36:173–83. doi: 10.

1046/j.1365-2664.1999.00389.x 

 75. Piper R. Wild about going underground. Nature’s Home; 

2022 [cited 2024 July 24]. p. 20–1. Available from: 

https://www.rosspiper.net/wp-content/uploads/2022/

01/Spr22_soilbiome.pdf  

 76. Hyvönen T, Huusela E, Kuussaari M, Niemi M, Uusitalo R, 

Nuutinen V. Aboveground and belowground biodiversity 

responses to seed mixtures and mowing in a long-term set-

aside experiment. Agric Ecosyst Environ. 2021;322:1–8 

doi: 10.1016/j.agee.2021.107656 

 77. Pawlett M, Hopkins D, Moffett B, Harris J. The effect of 

earthworms and liming on soil microbial communities. 

Biol Fertil Soils. 2009;45:361–9. doi: 10.1007/s00374-

008-0339-6 

 78. Bertrand M, Barot S, Blouin M, Whalen J, de Oliveira T, 

Roger-Estrade J. Earthworm services for cropping sys-

tems: a review. Agron Sustain Dev. 2015;35:553–67. doi: 

10.1007/s13593-014-0269-7 

 79. Hansen V, Müller-Stöver D, Imparato V, Krogh P, Jensen 

L, Dolmer A, et al. The effects of straw or straw-derived 

gasification biochar applications on soil quality and crop 

productivity: a farm case study. J Environ Manage. 2017;

186:88–95. doi: 10.1016/j.jenvman.2016.10.041 

 80. Davidson EA, Ackerman IL. Changes in soil carbon inven-

tories following cultivation of previously untilled soils. 

Biogeochemistry. 1993;20:161–93. 

 81. Conant R. Challenges and opportunities for carbon seques-

tration in grassland systems. Integr Crop Manag. 2010;9:57. 

 82. Soussana J-F, Loiseau P, Vuichard N, Ceschia E, Balesdent 

J, Chevallier T, et al. Carbon cycling and sequestration 

opportunities in temperate grasslands. Soil Use Manag. 

2004;20:219–30. doi: 10.1111/j.1475-2743.2004.tb00362.x 

 83. Jackson RB, Lajtha K, Crow S, Hugelius G, Kramer M, 

Piñeiro G. The ecology of soil carbon: pools, vulnerabilities, 

and biotic and abiotic controls. Ann Rev Ecol Evol Syst. 

2017;48:419–45. doi: 10.1146/annurev-ecolsys-112414-

054234 

 84. Wang J, Di Y, Dai X, Xu M, Fu X, Wang H, et al. Response 

of soil microbial communities to site preparation before 

afforestation. Can J For Res. 2018;48:535–41. doi: 10.1139/

cjfr-2017-0341 

 85. O’Neill FH, Martin J, Davaney F, McNutt K, Perrin P, 

Delaney A. Irish semi grasslands survey; 2010 [cited 2024 

July 24]. Available from: http://www.botanicalenviron

mental.com/wp-content/uploads/2011/10/2010_ISGS_

Report_and_Appendices.pdf 

 86. Xu S, Sheng C, Tian C. Changing soil carbon: influencing 

factors, sequestration strategy and research direction. 

Carbon Balance Manag. 2020;15:1–10. doi: 10.1186/

s13021-020-0137-5 

 87. Jakobsson S, Bernes C, Bullock J, Verheyen K, Lindborg R. 

How does roadside vegetation management affect the 

diversity of vascular plants and invertebrates? A systematic 

review. Environ Evid. 2018;7:1–15. doi: 10.1186/s13750-

017-0094-y 

 88. Noordijk J, Delille K, Schaffers A, Sýkora K. Optimizing 

grassland management for flower-visiting insects in road-

side verges. Biol Conserv. 2009;142:2097–103. doi: 10.

1016/j.biocon.2009.04.009 

 89. Odling-Smee PJ, Laland KN, Feldman MW. Niche con-

struction. Am Nat. 1996;147:641–8. doi: 10.1086/285870 



https://www.academia.edu/journals/academia-environmental-sciences-and-sustainability/about https://doi.org/10.20935/AcadEnvSci6238 

ACADEMIA ENVIRONMENTAL SCIENCES AND SUSTAINABILITY 2024, 1 14 of 14 

 90. Bardgett R, Quinton J, de Vries F. Managing soils for 

ecosystem services. Public Serv Rev UK Sci Technol. 

2011;14–5. [cited 2024 July 24]. Available from: https://

eprints.lancs.ac.uk/id/eprint/39981  

 91. Moxley J, Anthony S, Begum K, Bhogal A, Buckingham S, 

Christie P, et al. Capturing cropland and grassland 

management impacts on soil carbon in the UK land use, 

land use change and forestry (LULUCF) inventory; 2014 

[cited 2024 July 24]. Available from: http://nora.nerc.

ac.uk/id/eprint/508474/1/N508474CR.pdf 

 92. Lange M, Eisenhauer N, Sierra C, Bessler H, Engels C, 

Griffiths R, et al. Plant diversity increases soil microbial 

activity and soil carbon storage. Nat Commun. 2015;6:1-8. 

doi: 10.1038/ncomms7707 

 93. Fornara DA, Olave R, Burgess P, Delmer A, Upson M, 

McAdam J. Land use change and soil carbon pools: evi-

dence from a long-term silvopastoral experiment. Agrofor 

Syst. 2018;92:1035–46. doi: 10.1007/s10457-017-0124-3 

 94. Garnett T, Godde C, Muller A, Röös E, Smith P, De Boer I, 

et al. Grazed and confused? Ruminating on cattle, grazing 

systems, methane, nitrous oxide, the soil carbon sequestra-

tion question-and what it all means for greenhouse gas 

emissions. FCRN, University of Oxford, UK; 2017. 

 95. Chen S, Wang W, Xu W, Wang Y, Wan H, Chen D, et al. 

Plant diversity enhances productivity and soil carbon 

storage. Proc Natl Acad Sci U S A. 2018;115:4027–32. doi: 

10.1073/pnas.1700298114 

 96. Poeplau C, Don A, Schneider F. Roots are key to increasing 

the mean residence time of organic carbon entering 

temperate agricultural soils. Glob Chang Biol. 2021;27:

4921–34. doi: 10.1111/gcb.15787 

 97. Rasse DP, Rumpel C, Dignac MF. Is soil carbon mostly root 

carbon? Mechanisms for a specific stabilisation. Plant Soil. 

2005;269:341–56. doi: 10.1007/s11104-004-0907-y 

 98. Poeplau C, Marstorp H, Thored K, Kätterer T. Effect of 

grassland cutting frequency on soil carbon storage - a case 

study on public lawns in three Swedish cities. Soil. 2016;2:

175–84. doi: 10.5194/soil-2-175-2016 

 99. Poeplau C. Estimating root: shoot ratio and soil carbon 

inputs in temperate grasslands with the RothC model. 

Plant Soil. 2016;407:293–305. doi: 10.1007/s11104-016-

3017-8 

 100. Jones C. Grazing management for healthy soils. Proceed-

ings of the Stipa Inaugural Grasslands Conference ‘Better 

Pastures Natitve Mudges’, NSW, Australia; 2000 [cited 

2022 Apr 6]. Available from: https://managingwholes.

com/grazing-soils.htm/ 

 101. Lovelock JE. Gaia as seen through the atmosphere. Atmos 

Environ. 1972;6:579–80. doi: 10.1016/0004-6981(72)900

76-5 

 102. Lenton TM, Latour B. Gaia 2.0. Science (80-). 2018;361:4–7. 

doi: 10.1126/science.aau0427 

 103. Crawford JW, Deacon L, Grinev D, Harris JA, Ritz K, Singh 

BK, et al. Microbial diversity affects self-organization of the 

soil - microbe system with consequences for function. J R 

Soc Interface. 2012;9:1302–10. doi: 10.1098/rsif.2011.

0679 

 104. Groffman PM, Fahey T, Fisk M, Yavitt J, Sherman R, 

Bohlen P, et al. Earthworms increase soil microbial 

biomass carrying capacity and nitrogen retention in north-

ern hardwood forests. Soil Biol Biochem. 2015;87:51–8. 

doi: 10.1016/j.soilbio.2015.03.025 

 105. De Deyn GB, Cornelissen JHC, Bardgett RD. Plant 

functional traits and soil carbon sequestration in con-

trasting biomes. Ecol Lett. 2008;11:516–31. doi: 10.1111/

j.1461-0248.2008.01164.x 

 106. Dam M. Global change effects on plant-soil interactions. 

University of Copenhagen, Copenhagen, Denmark; 2014. 

 107. Wardle DA, Bardgett R, Klironomos J, Setälä H, Van Der 

Putten W, Wall D. Ecological linkages between above-

ground and belowground biota. Science (80-). 2004;304:

1629–33. doi: 10.1126/science.1094875 

 108. Zhang W, Hendrix PF, Dame LE, Burke RA, Wu J, Neher 

DA, et al. Earthworms facilitate carbon sequestration 

through unequal amplification of carbon stabilization com-

pared with mineralization. Nat Commun. 2013;4:1–9. doi: 

10.1038/ncomms3576 

 109. Morris GD. Sustaining national water supplies by under-

standing the dynamic capacity that humus has to increase 

soil water-storage capacity. Sydney: University of Sydney; 

2004. 

 110. Qian Y, Follett RF. Assessing soil carbon sequestration in 

turfgrass systems using long-term soil testing data. Agron 

J. 2002;94:930–5. doi: 10.2134/agronj2002.9300 

 111. Morris MG. The effects of structure and its dynamics on the 

ecology and conservation of arthropods in British grass-

lands. Biol Conserv. 2000;95:129–42. doi: 10.1016/S00

06-3207(00)00028-8 

 


	1. UNFCCC. UN Secretary-General: “making peace with nature is the defining task of the 21st century”. United Nations Framework Convention on Climate Change; 2020 [cited 2021 Feb 19]. Available from: https://unfccc.int/news/un-secretary-general-makin...
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