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A B S T R A C T   

On-farm management measures can sequester carbon by removing carbon dioxide from the atmosphere and 
storing it securely for long periods, in our soils. Estimates of soil organic carbon (SOC) stocks differ by calculation 
methods in terms of how they account for the coarse >2 mm fraction (i.e. rock fragments) of the soil. Irish 
grassland soils have variable volumetric stone contents and the extent of overestimation is unknown. Without 
best practice guidance, calculations of SOC in these soils are vulnerable to overestimation. The objectives of the 
present study for grassland soils in Ireland were to: 1) calculate mean SOC stocks using different methods by soil 
horizon and volumetric stone content class; 2) highlight relative differences in SOC stocks between these 
calculation methods and 3) compare normalised layer (Ly, fixed depth) versus horizon (Hz) type derived sam
pling data in terms of SOC stocks, to establish a best practice standardised sampling protocol. Five methods (M, 
1–3 overestimate SOC stocks, whereas 4–5 are equivalent and are closest to reality) to calculate SOC stocks were 
used in combination with three soil databases i.e. Irish Soil Information System (I-SIS), the Heavy Soils Pro
gramme (HSP) and the Soil Quality Assessment Research Project (SQUARE). Objectives 1 and 2 were assessed 
using all three databases across methods, whereas objective 3 used the SQUARE database and M4. These data 
were sorted into volumetric stone content (%) classes (< 5%, 5–10%, 10–20%, 20–30% and > 30%) and sam
pling horizon (O, A, E, A/B, B, B/C, and C) with SOC stocks calculated using M1–5 equations. Results confirmed 
the high volumetric stone content assumption of grassland soils in Ireland (exception O horizons). Volumetric 
stone contents ranged from 0% to 36% for all horizons. When M1–5 are considered the average relative dif
ference in SOC stocks between M1 and M5 was 18.9% (max: 388%), M2 and M5 was 7.7% (max: 60.7%) and M3 
and M5 was 8.9 (max: 310%). In terms of Ly versus Hz sampling, no significant differences were found for the A 
horizons sampled. However, in Ireland, best practice should still utilise elements from both Ly (using an auger to 
get fixed depth soil samples; analysed for organic C) and Hz (using a soil profile pit to extract representative BD 
cores and to gather bulk samples for volumetric stone content analysis) approaches in the field. Laboratory 
methods used must fit with the needs and assumptions of equations M4/5 to calculate SOC stocks (thereby 
minimising overestimation and indeed underestimation).   

1. Introduction 

Globally, soils and forests store vast amounts of carbon with agri
cultural ecosystems such as grasslands, peatlands and woodlands acting 
as important sinks (Chapin III et al., 2011). As soils contain three times 
the amount of carbon held in the atmosphere and four times more car
bon than the aboveground vegetation (Lal, 2008) they play an important 
role in global climate regulation (Schulte et al., 2016). In Ireland, 

temperate agricultural grasslands have significant potential to sequester 
CO2 as part of root biomass and in the soil (Torres-Sallan et al., 2017). 
Stoniness (or rock fragments, > 2 mm coarse fraction of the whole soil) 
and bulk density (BD) are two major sources of uncertainty in depth- 
based soil organic carbon (SOC) stock calculations (IPCC, 2003) and 
neglecting rock fragment contents leads to systematic overestimation of 
SOC estimates (Harbo et al., 2022). As the spatial and temporal vari
ability in SOC stocks is high and increases with scale of study area (e.g. 
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spatial variability of SOC can rise sevenfold when scaling up from point 
sample to landscape scales), field sampling and laboratory analysis must 
avoid bias and ensure accurate calculations (Hobley and Willgoose, 
2010). A spatial mean estimation of SOC stocks at field scale on farms is 
important to inform the efficacy of agricultural management practices 
that aim to sequester carbon and to monitor SOC stocks (Potash et al., 
2022). Accountancy of SOC stock change throughout the soil profile is 
important as hotspots of SOC are found in subsoils and therefore deeper 
sampling needs to be considered as part of field sampling design, anal
ysis and calculations (Hobley et al., 2018a; Simo et al., 2019; Tuohy 
et al., 2021). In Ireland, before examining the controlling factors of 
carbon storage in grassland soils (see example for Germany by Kühnel 
et al., 2019) it is prudent to examine the relative and absolute difference 
in SOC stocks as impacted by BD, rock fragments and calculation 
methods. Irish grassland soils have variable volumetric stone contents, 
which due to field sampling limitations has led to BD data gaps in Irish 
soil databases i.e. BD ring samples were not taken for some horizons due 
to their high stone content, necessitating gap filling of BD data using 
pedotransfer functions developed by Reidy et al. (2016). For soil hori
zons with BD data, varied degrees of volumetric stone contents may play 
a large role in the systematic overestimation of SOC stocks if these 
fractions are not accounted for in calculations. 

Between Poeplau et al. (2017) and Hobley et al. (2018b) there are 
five methods to calculate SOC stocks. In Poeplau et al. (2017) all 
methods take an SOC measurement from a dried and sieved soil (< 2 
mm) but are not the same in the way parameters for BD density (random 
but significant effect) and rock fragments (systematic bias) are 
accounted for. As outlined in Tables 1 and 2 and summarised in ADAS 
(2020), the first method (M1) calculates BD for the whole soil and not 
the fine soil (Table 1A). Furthermore, the rock fragment volume is not 
subtracted from the total soil volume. The second method (M2), the 
space occupied by rock fragments is displaced by fine soil and therefore 
BD is estimated correctly on the fine soil fraction (Table 1B). The third 
method (M3) corrects for soil volume with rock fragments but over
estimates BD by using the whole sample BD rather than fine earth BD 
(Table 1A). The next two methods calculate equivalent stocks and the 
resultant SOC stock is considered closest to reality. Methods M4 and M5 
differ as follows: M4 corrects for both BD (Table 1B) and the SOC part of 
the equation using the fine earth part of the sample whereas M5 takes 
the BD of the whole sample (Table 1A), the C content of the fine soil and 
the mass proportion of the coarse fraction. It thereby negates the need to 
assume a rock density and eliminates errors associated with sieving. 
Poeplau et al. (2017) report relative differences of SOC stocks for 
German soils between M1 and M4 of >100% which varied with depth 
and volumetric stone content. To date, there has been no study on 
grassland soils in Ireland to indicate the extent of this overestimation by 
soil horizon type. Such an analysis is critical as the volumetric stone 
content in these soils is perceived as high. 

To date in Ireland, a number of studies have calculated SOC stocks in 
agricultural soils at national (Kiely et al., 2009; Simo et al., 2019; Bondi 
et al., 2021) and farm scales (Tuohy et al., 2021) but upon closer in
spection have used different calculation methods (M1–3). An indication 
of how decisions pertaining to data selection for depth, horizon and 
profile estimates is important to inform future SOC investigations which 
should take place periodically, every 5–10 years (Black et al., 2009). The 
present study utilises soil data collated in Ireland for grasslands to 
examine the relative and absolute differences in SOC stocks as impacted 
by BD, volumetric stone content and calculation methods. Results of this 
study will inform best practice for SOC stock calculation and sampling 
methodologies for grasslands in Ireland. The objectives of the present 
study for grassland soils in Ireland were to: 1) calculate mean SOC stocks 
using different methods by soil horizon and volumetric stone content 
class; 2) highlight relative differences in SOC stocks between these 
calculation methods and 3) compare normalised layer (Ly, fixed depth) 
versus horizon (Hz) type derived sampling data in terms of SOC stocks, 
to establish a best practice standardised sampling protocol. The results 

of these objectives will enable best practice to be formulated for grass
land soils in Ireland. 

2. Materials and methods 

2.1. Depth and horizon-based SOC stock calculations 

For the depth-based approach, SOC stock estimates are the product 
of BD, depth and OC concentration (expressed as content, %). Soil BD is 
a measure of the spatial arrangement of solid particles in soils, and is 
defined as the dry mass of soil particles within a given, undisturbed soil 
volume. It is an important soil physical parameter, determined by a 
combination of field sampling and laboratory measurements. Typically, 
the cylindrical core (ring) method, whereby a core of known volume is 
pressed or driven into soil resulting in an intact sample of known vol
ume, is used (Blake and Hartge, 1986). Other methods to determine BD 
exist e.g. clod method, satiated method and the compliant cavity method 
(Rowell, 1994), which in some cases (such as the laboratory scoop 
method) aim to provide simpler, faster ways to estimate soil BD at the 
expense of accuracy and precision (Van Lierop, 1989). 

In the core method, the volume of the core is known, the sample is 
oven dried and the dry mass of the sample is noted. These two pieces of 
information enable the dry BD to be calculated. A further step involves 

Table 1 
Dry bulk density (BD) calculation options. These methods differ somewhat in 
terms of how they account for rock fragments.  

Method Entire 
sample 
dried/mass 
determined 

Sieved 
to < 2 
mm, 
mass 
content 
(fine 
soil) 

>2 mm 
sample, 
mass 
content 
(whole 
soil) 

Equation 
and terms 

Note 

A Yes No No BDsample (g 
cm− 3) =
Md/V 
where: 
Md = Oven 
dry soil 
material 
mass (g) 
V = Volume 
of soil core 
(cm3) 

This method is 
only suitable 
for M1, M3 
and M5 
equations as in 
Table 2. Same 
time and costs 
needed in the 
field as B. 
Lower time 
and cost in 
laboratory 
than B. 

B Yes Yes Yes BDfine soil (g 
cm− 3) =
(Md – Ms) / 
(V – (Ms/ 
rock 
fragment 
density)) 
where: 
Md = Oven 
dry soil 
material 
mass (g) 
Ms. = Oven 
dry rock 
fragments 
(stones) 
mass (g) 
V = Volume 
of soil core 
(cm3) 
Rock 
fragment 
density 
assumed as 
2.6 g cm− 3 

This method is 
suitable for 
M2, M4 inputs 
in Table 2 as 
long as all data 
components 
are available 
in the 
database e.g. 
Md, Ms., V. 
Same time and 
costs in the 
field as A. 
Higher time 
and cost in 
laboratory 
than A.  
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sieving and removing >2 mm coarse fragments. At this stage of the 
protocol coarse fragments such as rock and/or living root fragments can 
be included (i.e. whole soil) or eliminated (i.e. fine sieved soil). Either of 
these decisions assumes that this fraction contains or does not contain 
carbon and has homogeneous or heterogeneous density e.g. different 
rock fragments originating from various origins will have different 
characteristics and can be country or region specific. The resulting BD 
after adjusting for the mass and volume of these fragments is different, 

resulting in two potential BD values in any database. In the present 
study, this fraction is assumed as rock fragments with no carbon content. 

2.2. Database selection 

With any data presentation there can be a lack of transparency with 
respect to the precise methods used. For example, we found that in 
databases, reports or in papers it is often unknown if the soil BD refers to 
the fine soil or total soil. Therefore, databases were included herein only 
if all the necessary data were available to populate the equations A-B 
and M1-M5 in Tables 1 and 2 and an associated field and laboratory 
methodology guide was provided. The Irish Soil Information System (I- 
SIS); Heavy Soils Programme (HSP) and Soil Quality Assessment 
Research Project (SQUARE) databases fulfilled these criteria and were 
included in the present study. 

2.3. Steps to calculate SOC stocks for different study objectives 

For objectives 1 and 2 all grassland data from I-SIS, HSP and 
SQUARE were combined into a single analysis (1088 rows of data (I-SIS 
= 247; HSP = 168; SQUARE = 673)). As there was no uniform sampling 
depth across these three databases, horizon distinctions were used to 
interrogate the data i.e. from shallow to deep horizons: O, A, E, A/B, B, 
B/C, and C. Next, data was sorted for volumetric stone content as fol
lows: < 5%, 5–10%, 10–20%, 20–30% and > 30%. M1–5 were calcu
lated for all the data to get SOC stocks and then the relative difference 
between M1–4 and M5 was calculated. For objective 3 the SQUARE 
database was used and SOC stocks were calculated using M5. 

The following is a brief summary of the individual databases (Sup
plementary Table 1) summarises all the databases and presents BD 
(whole soil), BD (fine soil), OC% and volumetric stone content (%) data 
divided by database and horizon type. For all three databases, where BD 
was predicted from pedotransfer functions (Reidy et al., 2016), these 
data were not used. 

2.3.1. I-SIS 
Horizon specific data for managed grasslands were included as fol

lows: O (n = 12), A (n = 178), E (n = 3), B (n = 27), B/C (n = 6), C (n =
21). Within the total horizon data available only those that contained 
measured BD data were utilised. 

2.3.2. HSP 
All data for permanent grassland were included. A total of 18 modal 

profiles were used consisting of 2 to 5 soil horizons each. Horizon spe
cific data for were included as follows: O (n = 9), A (n = 48), E (n = 9), B 
(n = 41), B/C (n = 6), C (n = 55). The database contains three replicates 
of BD for each horizon, 1 value of SOC (%) per horizon and 1 mean depth 
per horizon. 

2.3.3. SQUARE 
All data included belongs to a soil quality database for improved 

grasslands in Ireland (Bondi et al., 2021). These data represent 38 farms, 
distributed across five agro-climatic regions in Ireland (Holden and 
Brereton, 2002). Horizon specific data for were included as follows: A (n 
= 403), E (n = 3), A/B (n = 3), B (n = 159), B/C (n = 75), C (n = 30). At 
each farm, one field representative of the main agricultural management 
was selected and a modal profile was excavated and sampled as follows:  

• Fixed depths/layers (Ly): BD rings (three reps) were taken at 5–10 
cm and 10–20 cm for all locations. This resulted in a total of 76 
layers.  

• Natural Horizons (Hz): BD rings (three reps) were taken in a profile 
pit up to 1 m, for each horizon identified using the FAO guidelines for 
soil description (FAO, 2006), resulting in a total of 152 horizons. 

For objective 3, we hypothesised that soil sampling based on Ly 

Table 2 
Soil organic carbon (SOC) stock calculation methods. These methods differ in 
terms of how rock fragments are used in bulk density determination and SOC 
calculations.  

Method (M) Notes Equations and terms 

M1 Bulk Density calculated for 
whole sample. Therefore, no 
sieving into fine (< 2 mm) and 
coarse (> 2 mm) fractions is 
conducted. But SOC% 
determined for the fine 
fraction of the soil, which 
necessitates sieving. Rock 
fragments are not accounted 
for in this method. 

SOCstocki = SOC%fine soil ×

BDsample × depthi 

where: SOC%fine soil = Soil 
Organic Carbon% in fine soil 
fraction of the whole soil; 
BDsample is for the whole sample; 
depthi = depth of investigated 
soil layer 

M2 Bulk Density calculated for 
fine soil fraction. This means 
that sieving into fine (< 2 mm) 
and coarse (> 2 mm) fractions 
is conducted, with the mass 
and volume of the rock 
fragments determined. SOC% 
determined for the fine 
fraction of the soil. Rock 
fragment density assumed, 
c.2.6 g cm− 3 in BD calculation. 

SOCstocki = SOC%fine soil ×

BDfine soil × depthi 

M3 Bulk Density calculated for 
fine soil fraction. This means 
that sieving into fine (< 2 mm) 
and coarse (> 2 mm) fractions 
is conducted, with the mass 
and volume of the rock 
fragments determined. But 
Bulk Density for whole sample 
used in the equation. The 
coarse fraction (i.e. rock 
fragments) is used to reduce 
the volume in the SOC 
calculation. 

SOCstocki = (SOC%fine soil ×

BDsample × depthi) × (1-rock 
fragments fraction) 

M4 
Equivalent 
to M5 

Bulk Density calculated for 
fine soil fraction. This means 
that sieving into fine (< 2 mm) 
and coarse (> 2 mm) fractions 
is conducted, with the mass 
and volume of the rock 
fragments determined. The 
coarse fraction (i.e. rock 
fragments) is used to reduce 
the volume in the SOC 
calculation. Rock fragment 
density assumed, c.2.6 g cm− 3 

in BD calculation. 

SOCstocki = SOC%fine soil ×

BDfine soil × depthi × (1- rock 
fragments fraction) 

M5 
Equivalent 
to M4 

SOC content fine soil is the 
mass proportion of C in the 
fine soil fraction (g kg− 1). 
Mass proportion coarse is the 
mass proportion of the coarse 
soil to the whole soil. Bulk 
Density calculated for whole 
sample. Hobley et al. (2018a). 
In the laboratory it is easier to 
get an accurate coarse sample 
weight, as less material is lost 
into the air. 

SOCstocki = SOCconfine soil × (1- 
mass proportioncoarse) ×
BDsample × depthi 

Abbreviations used in table: BD = bulk density; M = method; SOC = soil organic 
carbon; Table format is based on ADAS (2020) 
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would be more efficient in terms of cost and time than sampling based on 
Hz identification when calculating SOC stocks in depth. In order to 
compare the SOC stocks calculated using the Ly and Hz method, the first 
Hz (A horizon, varies from 12 cm to 35 cm) was used. From each Hz one 
composite sample was collected to assess soil baseline chemical char
acteristics such as SOC content and the M5 equation was used to 
calculate SOC stocks for all cases. While Hz or depth SOC stock calcu
lations are practical, comparison of scaled SOC stock between sites is 
best done using mass-based approaches to account for differences in 
compaction (Ellert and Bettany, 1995; Poeplau and Don, 2013; von 
Haden et al., 2020). Herein, to enable a comparison of Ly and Hz 
methods, all replicates for each method were averaged and the total SOC 
stock was normalised for the Hz/Ly thickness (cm) in order to obtain a 
unit value of SOC stock scaled for a 1 cm layer. 

2.4. Data analysis 

Agreement Statistics were used for the combined dataset (I-SIS, HSP 
and SQUARE) to examine the absolute differences in SOC stocks be
tween M5 and the other methods (M1–4). As M4–5 are effectively 
equivalent, the differences between them are negligible. A linear 
regression is a statistical model that estimates the linear relationship 
between a dependent and an independent variable. Given a set of data 
points (i.e., observations), the model identifies the equation of the 
straight line that better approximates the data points. In the present 
study, the dependent variable is M5, while the independent variables are 
M 1–2–3-4. One linear regression model is developed for each inde
pendent variable, and plotted (x-axis is the dependent variable, y-axis in 
the independent variable). In each plot, blue dots represent the original 
data points and the red straight line, represents the interpolation of the 
original data points according to the linear regression model i.e., the 
straight line that better approximates the observations. In practice, such 
a straight line has the equation: y = m * x + c, where m is the gradient (i. 
e., the correlation between x and y), and c is the intercept of the straight 
line with the y axis. In the case of the plot that represents M5 in relation 
to M3, the equation will be, for example, M5 = m * M3 + c. This 
equation allows prediction of M5 given any value of M3. For objective 3 
(SQUARE data), STATISTICA 12.0 software (StatSoft Inc.) was used for 
all statistical analysis. Paired sample t-test for dependent samples was 
used to compare SOC stocks calculated using M5 for Ly and Hz nor
malised to a 1 cm layer. Statistically significant differences are marked 
for a significance value of p ≤ 0.05. To confirm the t-test results, a linear 
regression between the two methodologies was run. 

3. Results and discussion 

3.1. Relative difference and SOC stocks 

Across the combined datasets the average (min, max) horizon 
thickness was 25.2 cm (11 cm, 38 cm); 16.6 cm (5 cm, 55 cm), 0.6 cm 
(0.5 cm, 1 cm), 21 cm (10 cm, 32 cm), 24.8 cm (5 cm, 55 cm), 33.0 cm 
(16 cm, 64 cm) and 31.1 cm (10 cm, 78 cm) for O, A, AB, E, B, BC and C 
horizons, respectively. Across the combined datasets the average OC 
content was 2.9% (min 0.05%, max 34%) the average BD of the fine 
sieved soil was 1.1 g cm− 3 whereas that of the whole soil was 1.2 g cm− 3 

(Consult Supplementary Table 1 to see differences across databases, soil 
horizons and volumetric stone content (%) ranges). The mean (min, 
max) volumetric stone content (which increased with depth across the 
databases) for O, A, AB, E, B, BC and C horizons was 0.1% (0%, 2%), 
5.6% (0%, 36%), 0.6% (0.5%, 1%), 4.9% (0%, 8%), 8.2% (0%, 36%), 
12.3% (0%, 36%) and 10.8% (0%, 31%), respectively. In the I-SIS 
database no samples were found with stone content in the <5% range for 
O, A, B and C horizons. All other horizon types have stones in all volu
metric stone content ranges. In the SQUARE database no samples were 
found with stone content in the <5% range for A, E, B, B/C, C horizons, 
with all other horizon types having stones. In the HSP database O, A, E, B 

and C have no samples with stone content in the <5% range. Volumetric 
stone contents tends to be high and for all horizons and depths. The 
values for volumetric stone contents are high in the Irish soils examined 
when compared to other studies and highlights the importance of ac
counting for the volumetric stone content when calculating SOC stocks 
in Ireland. For example, in mineral soils in Denmark, Harbo et al. (2022) 
found a rock fragment content of 1.9% in topsoil and 2.4% in subsoil, 
with only 1% and 3% of sites having a rock fragment content above 10% 
in topsoil and subsoil, respectively. For German soils examined by 
Poeplau et al. (2017), 67–7 8% of the soils within the dataset examined 
had a volumetric stone content class of <5%. Fig. 1 considers all data 
together (n = 1088) and shows the relationships between M5 (depen
dent variable) and M1–2–3-4 (independent variable). The red line in 
each figure represents the interpolation of the original data points ac
cording to the linear regression model i.e. the straight line that better 
approximates the observations with an R2 of 0.97, 0.99, 0.99 and 0.99, 
respectively. In Fig. 1, prediction of SOC stock outcomes moving from 
M1-M2-M3 improves with no difference between M4 and M5 (but all 
regressions have an R2 of >0.97). Deviations away from the red line 
regression e.g. M1 vs M5 are evident especially in O horizons with very 
high SOC stocks as these have little or no volumetric stone contents. The 
M1/M5 calculated SOC stock between 0 and 200 Mg ha− 1 shows the 
greatest change as overestimation of stock decreases moving from M1- 
M2-M3-M4 as influenced by volumetric stone contents. Results show 
that when volumetric stone contents are >10% in grassland soils in 
Ireland, the overestimation of SOC stocks is greatest (Supplementary 
Fig. 1 shows this clearly where the relative difference is minimal in 
horizons where volumetric stone content is <10%). The non-use of 
volumetric stone content in M1 creates a broader spread in SOC out
comes. This overestimation declines in M3-M4-M5 as volumetric stone 
content is factored into the equations to varying degrees lowering SOC 
stocks. 

Fig. 2 shows the mean SOC stock calculated using M1–5 for soil 
horizon types (O, A, AB, E, B, BC and C) split into volumetric stone 
content (%) classes. Supplementary Fig. 1 shows the mean relative dif
ferences between M1–4 and M5 SOC stock for soil horizon types split 
into volumetric stone content (%) classes. Overall SOC stocks can be 
high at all depths with the relative difference between M1–2–3-4 and M5 
dictated by the volumetric stone content at all depths. Specifically, in O 
horizons due to the high OC% and the low volume of stones, SOC stocks 
were high with no relative difference between M1-M5. For the A horizon 
(mean thickness of 25.2 cm (ranges from 11 cm to 38 cm) across all 
databases, mean (min, max) SOC stock 67.8 (3.7, 515.2), 63.1 (3.6, 
515.2), 64.3 (3.7, 515.2), 60.1 (3.6, 515.2), 60.49 (3.6, 515.2) Mg ha− 1, 
for M1–5, respectively (Fig. 2). Poeplau et al. (2017) showed SOC stocks 
<50 Mg ha− 1 in German soils for 0–30 cm depth. The mean relative 
difference between M1-M5, M2-M5, M3-M5 for the A horizon is 16.8%, 
5.8%, 9.0%, respectively. Poeplau documented that the relative differ
ence between M1-M4 can be >100% for 0–30 cm using German Agri
cultural Soil Inventory data. Herein, the highest relative difference for A 
horizons between M1 and M5 was 388%. In the Poeplau et al. (2017) 
study due to relatively low rock fragments content, the mean systematic 
overestimation for German agricultural soils was deemed moderate and 
ranged from 2.1 to 10.1% for M1–3. In the present study due to the high 
rock fragment content, this range is higher and from 7.7 to 18.9% for 
M1–3. For the B horizon (mean thickness of 24.8 cm (ranges from 5 cm 
to 55 cm)), the mean SOC stock for M1-M5 decreases overall as 
compared to the A horizon with 27.0 (2.3–131.6), 24.2 (2.0–124.4), 
24.5 (2.2–122.2), 22.2 (1.7–117.6) and 22.0 (0–181.6) Mg ha− 1, 
respectively. The mean relative difference between M1 and M5 is 9.2% 
(min 0%, max 60.7%). For horizon BC (mean thickness of 33.0 cm (from 
16 cm to 64 cm)) the trend continues as mean SOC stocks decrease: 20.1 
(0–94.6), 18.2 (0–85.5), 17.4 (0–80.6), 15.8 (0–77.4) and 16.0 (0–76.8) 
Mg ha− 1, respectively. Finally, for the C horizon (similar thickness to 
BC), mean SOC stocks are higher than BC from M1-M5 but the relative 
difference between methods are similar as volumetric stone content 
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changes. Mean (min-max) SOC stocks for M1-M5 are 26.2 (3.0–129.6), 
24.6 (2.9–121.9), 23.5 (2.9–116.9), 22.3 (2.9–118.5), 22.9 (0–91.7) Mg 
ha− 1, respectively. 

3.2. SQUARE dataset: Ly versus Hz 

In general, the overall trend shows that the Ly sampling method has 

the tendency to give slightly higher SOC stock values than the Hz 
method. However, the results of the t-test showed no significant differ
ence between the two sampling methods (p < 0.058) (Fig. 3, Table 3). 
However, based on the data presented in Table 3 the coefficient of 
variation (CV) and standard error of the mean of both approaches is 
42.3%, 0.23 and 50.7%, 0.3 for Hz and Ly, respectively. By adapting the 
statistical formula n = 2 K(σ/d)2 (n = sample size required; K is a 

Fig. 1. Regression for dependent variable M5 versus M1-M4 (n = 1088). Both axes are Mg SOC ha-1. In each plot, the blue dots represent the original data points. 
The red straight line, instead, represents the interpolation of the original data points according to the linear regression model i.e. the straight line that better ap
proximates the observations. No negative values are calculated. 

Fig. 2. Average SOC stock Mg ha-1 across soil horizons (O, A, AB, E, B, BC and C) and volumetric stone content (%) classes for the combined I-SIS, HSP and SQUARE 
datasets (n = 1088). Error bars indicate standard error of the mean. 
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multiplier based on desired power and alpha levels of Snedecor and 
Cochran (1980, Table 6.14.1); σ is the coefficient of variation and d =
desirable difference you wish to detect) with the given the level of 
replication (n = 38) a difference of approximately 1.1 to 1.4 Mg C ha− 1 

between Hz and Ly would have been necessary to detect a significant 
difference with a power of 90% and a significance level of 0.05%. 
Alternatively, with the given differences between the means of Hz and 
Ly, in the region of 350 to 610 samples would have been required to 
detect a significant difference. This is important when drawing conclu
sions in the present study for objective 3 and is important to highlight 
when designing monitoring reporting and validation (MRV) protocols 
used to verify changes in SOC stocks particularly in relation to time and 
cost associated with the requirement for such high replication to ensure 
robust statistical power and confidence. The discussion then comes back 
to a minimum detectable difference (MDD) for SOC stocks. Garten and 
Wullschleger (1999) already emphasised this issue indicating that the 
smaller the desired difference in detection necessitates a greater sample 
size. The importance of this issue was reemphasised by Falloon and 
Smith (2003). Consequently, the importance of this cost and resource 
limiting barrier cannot be understated when setting a verifiable level of 
change in SOC stocks for carbon farming schemes or results based 
payments. It is also important to note that post hoc analyses of one 
dataset may not apply to collections of samples in the future but act as a 
guideline for best practice. In grassland soils where changes in observed 
variables is expected over time, SOC stocks will also change, and 

therefore different minimum detectible values and numbers of samples 
will be evident. Also, determining the minimum detectable difference 
for a database is quite different than that for a site and will be important 
when considering these aspects as part of standardised MRV protocols to 
validate SOC stocks and assign credits. 

Best practice to determine accurate SOC stocks for a grassland soil in 
Ireland must utilise M4–5 equations. This necessitates that the rock 
fragment content and BD must be known for the soil in question. Results 
in the present study showed that there was no significant difference 
between Ly (fixed-depth) and Hz (horizon) methods when SOC stocks 
were calculated using M4-M5 equations. The important thing to note is 
that for both these datasets different organic C samples were used 
(separate sample analysed for fixed depth and horizon) but the same BD 
(from horizon within a soil profile pit) and rock fragment contents (from 
horizon within soil profile pit) were used. There is still merit for both Ly 
and Hz approaches to be used at a field site in tandem as they contribute 
to different parts of the SOC stock calculation. Fixed-depth sampling for 
organic C using augers/cores/probes is sufficient. The use of a soil corer 
has the benefit of capturing the variability in carbon throughout a soil 
profile, stratifying the depths, and easily reaching below the IPCC sug
gested depth of 30 cm (IPCC, 2003). Any land manager or practitioner 
can potentially handle a soil corer with very little training, even with no 
particular expertise in soil classification or horizons identification. 
These advantages have a big impact when it comes to time management 
and costs for training and can help develop standardised methods for 

Fig. 3. Relationship between measured SOC stocks using layer (Ly) sampling method and horizon (Hz) sampling approaches. R2 
= 0.83. Values are reported in Mg 

SOC ha-1. In each plot, the blue dots represent the original data points. The red straight line, instead, represents the interpolation of the original data points according 
to the linear regression model. 

Table 3 
t-test for dependent samples. Marked differences are significant at p ≤ 0.05; ns correspond to not significant results.  

Data Mean Mg SOC ha− 1 for 1 cm layer St. Dev n t df p Confidence − 95% Confidence +95% 

Hz 3.38 1.43 38 –     
Ly 3.73 1.89 38 1.94 37 0.058 ns − 0.722846 0.013871  
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sampling programmes to quantify SOC stocks at regional or national 
scales. However, a decision on the thickness of the layer to sample is 
crucial due to the impact on the laboratory analysis costs. If the layer is 
too thin, the Ly sampling method can result in a high number of samples 
in the lab that would escalate the costs. From our results, SOC stocks 
calculated for a layer that is 10 to 20 cm in thickness can be considered 
comparable to an associated natural Hz. This could be coupled with a 
higher density of sampling in the shallower half of a 1 m core where the 
carbon content is more concentrated (Young et al., 2018). These can be 
adopted in order to cope with the need of identifying effective ap
proaches to estimate SOC stocks, but also to investigate if measures to 
build-up soil carbon are adding to the overall C stock or leading to C loss 
mitigation (Don et al., 2023) at different scales, to inform carbon in
ventories and guide potential carbon offset initiatives. 

In addition, best practice dictates that samples to estimate rock 
fragment content and BD must also be collected and cores are not suit
able for that purpose. Narrow cores alone in soils with high rock frag
ment content are not suitable to account for rock fragment content. 
Narrow cores also may be difficult to get to deeper depths and as a result 
cause soil compaction at these depths. Also, narrow corers give some 
resistance at the tip, such that not all of the soil beneath the core enters 
the corer, with sample splaying to the sides, depending on soil type. A 
wider auger is advisable here to overcome some of these limitations. 

Therefore, for accurate SOC stock calculations in grasslands, best 
practice in Ireland must include both Ly and Hz approaches to obtain 
samples for organic C (auger) analysis, extract intact BD cores and 
obtain representative bulk samples to ascertain rock fragment content 
(soil profile pit). It is tempting to conduct both fixed- and horizon- 
specific sampling during an initial site visit followed by fixed-depth 
sampling alone using just an auger. However, this approach assumes 
rock fragment content and BD stay the same, which may not be the case. 
In both depth and equivalent soil mass (ESM) approaches for grassland 
soils, a combined fixed- and horizon-approach is advisable. In the ESM 
approach the fixed-depth samples are used for organic C, whereas the 
horizon samples in the soil pit are used to determine the rock fragment 
content. Also important to note; although the ESM approach avoids the 
need for fine soil BD, it is still important to note that the fixed-depth 
auger (sometimes refrred to as a probe) is still divided into depth 
range samples, which must be dried and sieved to remove the non- 
organic C component of the sample before sending for organic C anal
ysis. Therefore, both methods have sieving components which are la
bour and cost intensive. In terms of either M4 or M5, although they give 
equivalent SOC stocks, in practical terms it is easier to gather the data for 
M5 e.g. the sample is put into an oven to get the total dry mass of the 
probe depth or pit sample for the same depth, followed by wet sieving 
through a 2 mm sieve, which is then dried and weighted. Also in M5 the 
BD in the equation is for the whole soil, which means the cores do not 
need to be sieved. 

A recent study by Stanley et al. (2023) showed that heterogeneous 
landscapes (rangelands and croplands) required different sample size 
considerations. Uncertainties related to spatial heterogeneity, level of 
compositing samples and laboratory analysis differed across landscape 
types, compositing scenarios and analytical techniques used. The bal
ance of uncertainty between all of these factors changes and therefore a 
standard MRV protocol cannot be designed where heterogeneous land
scapes are being sampled. A major outcome of the Stanley et al. (2023) 
study is that sample sizes are often too small, which prevents C stock 
changes being detected and quantified reliably. Such decisions per
taining to small sample numbers may be due to keeping the cost of MRV 
protocols low. Instead, sampling numbers must be based on power an
alyses to determine the number of appropriate samples for a given 
landscape. However, where costs may be kept low on the visual in
dicators side this may not be a good thing in terms of validation. Further 
work by Potash et al. (2022) showed that estimation of SOC stocks at 
field scale found that balance and stratified sampling approaches 
together with estimator strategies when combined with auxiliary 

information (e.g. proximal or remote sensing) improved SOC stock 
calculations above that of simple random sampling. Interestingly here a 
model assisted estimation of SOC stocks did not out-perform baseline 
estimates, which means that the auxiliary information needed should be 
used as part of the sampling design process rather than retrospectively. 

Future work in Ireland must provide monitoring, reporting and 
verification (MRV) protocols for specific landscape types and have a 
fixed standard MRV protocol, which is rolled out uniformly across the 
country. The volumetric stone content of grassland soils in Ireland is 
higher than in other countries and this needs to be accounted for in field 
and laboratory work. M4/5 should be used to calculate SOC stocks in 
Ireland (i.e. to avoid overestimation (and indeed underestimation)). 
Heterogeneous land and soil-scapes in Ireland necessitate a more refined 
verification and validation approach. This must consider landscapes 
with some or all of mineral, organo-mineral and peat soil combinations 
with a variety of associated land uses. Work should focus on improving 
MRV across these heterogeneous landscapes considering a combined Ly 
and Hz approach and future research must also consider mass 
approaches. 

4. Conclusions 

Overall, grassland soils in Ireland have higher volumetric stone 
contents than documented in previous studies. In the present study 
volumetric stone contents of soil horizons ranged from 0 to 36%. The 
mean relative difference in SOC stocks between M1 and M5 was 18.9% 
(max: 388%), M2 and M5 was 7.7% (max: 60.7%) and M3 and M5 was 
8.9 (max: 310%). In terms of Ly versus Hz sampling, no significant 
differences were found specifically for the A horizons sampled. There
fore, best practice dictates that it is necessary to measure rock fragment 
content and bulk density accurately and representatively in grassland 
soil in Ireland. This means that in practical terms both Ly (using auger 
for depth specific soil OC sampling) and Hz (using a soil pit for BD and 
volumetric stone content sampling) approaches are needed during field 
campaigns. M4 and M5 although considered equivalent have different 
data inputs and handle BD and rock fragments differently. Therefore, 
field and laboratory techniques and protocols developed must facilitate 
specific data needs for either M4 or M5, which have different 
assumptions. 
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