
Journal Pre-proof

Soil organic carbon sequestration rates in vineyard agroecosystems under different
soil management practices: A meta-analysis

Florian Thomas Payen, Alasdair Sykes, Matt Aitkenhead, Peter Alexander, Dominic
Moran, Michael MacLeod

PII: S0959-6526(20)35782-6

DOI: https://doi.org/10.1016/j.jclepro.2020.125736

Reference: JCLP 125736

To appear in: Journal of Cleaner Production

Received Date: 3 May 2020

Revised Date: 9 December 2020

Accepted Date: 27 December 2020

Please cite this article as: Payen FT, Sykes A, Aitkenhead M, Alexander P, Moran D, MacLeod M,
Soil organic carbon sequestration rates in vineyard agroecosystems under different soil management
practices: A meta-analysis, Journal of Cleaner Production, https://doi.org/10.1016/j.jclepro.2020.125736.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.

https://doi.org/10.1016/j.jclepro.2020.125736
https://doi.org/10.1016/j.jclepro.2020.125736


 

Soil organic carbon sequestration rates in vineyard agroecosystems under 

different soil management practices: A meta-analysis 

 

Florian Thomas Payena,b,*, Alasdair Sykesa, Matt Aitkenheadc, Peter Alexanderb,d, Dominic 

Morand, Michael MacLeoda 

 

a Scotland’s Rural College (SRUC), West Mains Road, Edinburgh, EH9 3JG, UK 

b School of Geosciences, University of Edinburgh, Drummond Street, Edinburgh, EH8 9XP, 

UK 

c James Hutton Institute, Craigiebuckler, Aberdeen, AB15 8QH, UK 

d Global Academy of Agriculture and Food Security, The Royal (Dick) School of Veterinary 

Studies, University of Edinburgh, Easter Bush Campus, Midlothian, EH25 9RG, UK 

* Corresponding author. E-mail address: florian.payen@sruc.ac.uk.  

 

 

Word count: 11,897 (including tables, figure captions and reference list). Jo
urn

al 
Pre-

pro
of



 

ABSTRACT 

 

Vineyards are usually cultivated in soils characterised by low soil organic carbon (SOC) 

content and have high risks of soil erosion and degradation. Increasing SOC stocks in these 

cropping systems has the potential to contribute to climate change mitigation through SOC 

sequestration and to enhance soil quality. We conducted a meta-analysis and compared the 

SOC stock response ratio, the SOC stock rate of change, and the SOC sequestration rate in 

vineyards under different SOC sequestration (SCS) practices relative to conventional 

management. SCS practices included organic amendments (OA), biochar amendments (BC), 

returning pruning residues to the soil (PR), no-tillage (NT), cover cropping (CC), and several 

combinations of these practices. The average SOC sequestration rate of SCS management 

was 7.53 Mg CO2-eq. ha-1 yr-1 to a 30-cm soil depth. The highest SOC sequestration rate 

(11.06 Mg CO2-eq. ha-1 yr-1) was achieved under a combination of OA+NT and the lowest 

(2.82 Mg CO2-eq. ha-1 yr-1) was observed under PR treatments. Field experiments performed 

in particularly hot and dry bioclimatic zones were associated with lower SOC sequestration 

rates relative to those performed in more temperate areas. The high SOC sequestration rates 

obtained for many SCS practices, and the large land area dedicated to viticulture worldwide 

(7.45 Mha), imply that the adoption of SCS practices in vineyards can contribute to the global 

efforts to offset atmospheric greenhouse gas concentrations via SOC sequestration to mitigate 

climate change. 

 

 

Keywords: climate change; vineyards; soil organic carbon sequestration; soil management 

practices; soil organic carbon. 
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1. Introduction 1 

 2 

Viticulture represents an economically and culturally important sector of agricultural 3 

production in regions of the world with climates compatible with grape (Vitis vinifera L.) 4 

cultivation (Eldon and Gershenson, 2015). Vineyards constitute one of the most widespread 5 

agricultural production systems in several European countries such as Spain, France and Italy 6 

(Brunori et al., 2016). In France, viticulture covers 3% of agricultural land, but in 2018 the 7 

sector generated 15% of the total agricultural revenue (CNIV, 2019), estimated at €77.5 8 

billion (Insee, 2019), and wine exports achieved €12.2 billion in revenue in the same year 9 

(CNIV, 2019). Viticulture is also present outside of Europe and many non-European 10 

winegrowing countries (e.g., China, Chile, India) have been expanding their vineyard land 11 

areas and increasing their production of grape over the past decade (OIV, 2019). 12 

 13 

Vineyards are managed with a broad range of practices, which vary across regions and have a 14 

differentiated influence on soil organic carbon (SOC) content (Carlisle et al., 2010). 15 

Conventional practices (e.g., maintaining bare soil in the inter-rows through the use of tillage) 16 

result in SOC losses in vineyard systems (Eldon and Gershenson, 2015), but alternative 17 

viticultural practices (e.g., using cover cropping) may lead to SOC sequestration (Nistor et 18 

al., 2018). SOC sequestration corresponds to the process of transferring carbon dioxide (CO2) 19 

from the atmosphere into the soil through plants, plant residues and other organic solids 20 

which are stored or retained in the soil as part of the soil organic matter (SOM) (Olson et al., 21 

2014). It assumes a net removal of CO2 from the atmosphere (Chenu et al., 2019). 22 

Understanding SOC dynamics associated with different soil management practices in 23 

vineyards is crucial in identifying the most effective practices for SOC sequestration in 24 

viticultural soils.  25 
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 26 

The contribution of viticultural agroecosystems to SOC sequestration at the global scale is 27 

gaining increasing attention. Studies (e.g., Brunori et al., 2016; Scandellari et al., 2016) show 28 

that properly managed vineyards could act as carbon (C) sinks via SOC sequestration. Vines 29 

have specific structural features that allow them to potentially sequester higher quantities of 30 

organic carbon (OC) than annual crops (Smaje, 2015). Due to their naturally long life cycle, 31 

vines accumulate OC in their woody biomass (Williams et al., 2011), including in their 32 

complex root systems (Agnelli et al., 2014), and in the soil (e.g., through rhizodeposition) 33 

(Brunori et al., 2016). Their extensive and deep-root systems (reaching down 2 to 5 m on 34 

average) also allow for direct transfer of OC into the subsoil (Agnelli et al., 2014), which 35 

reduces risks of SOC mineralisation by physically isolating the OC from the activity of soil 36 

microorganisms (Ledo et al., 2020). 37 

 38 

The global viticultural land area was 7.45 Mha in 2018 (OIV, 2019). Although only a fraction 39 

of the global arable land area, round 1.39 Gha in 2017 (FAO, 2019), it may contribute to 40 

SOC sequestration in countries with large winegrowing regions. French vineyards have been 41 

identified as offering substantial sequestration potential as part of the ‘4 per 1000’ initiative1 42 

(Minasny et al., 2017). The interest in viticulture and SOC sequestration is supported by 43 

broader studies seeking a better understanding of the effects of perennial crop systems on 44 

SOC stocks and greenhouse gas (GHG) emissions, and how these effects vary depending on 45 

management practices (e.g., Pergola et al., 2017; Ledo et al., 2019; Ledo et al., 2020).  46 

 47 

                                                           
1 The ‘4 per 1000’ is an international initiative gathering public and private stakeholders under the Lima-Paris 
Action Plan framework. It aims to achieve an annual growth rate of 0.4% in the global SOC stocks (to a depth of 
40 cm) for food security and climate.   
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There is a substantial body of research considering potential SOC sequestration (SCS) 48 

practices in agriculture. Several meta-analyses and reviews (e.g., Poeplau and Don, 2015; Liu 49 

et al., 2016; Sykes et al., 2020) have estimated the effects of single or combined soil 50 

management practices on SOC stock change. Relative to arable and pasture systems, SOC 51 

sequestration in vineyards has received less attention. Most studies relating to SOC 52 

sequestration have not taken vineyard agroecosystems into account (e.g., Poeplau and Don, 53 

2015) or have not differentiated them as separate crop systems in the analysis (e.g., Aguilera 54 

et al., 2013). Information on SOC sequestration in vineyards remains fragmented and 55 

incomplete. There is currently no published meta-analysis evaluating the global potential of 56 

vineyards to enhance SOC sequestration under SCS practices applicable to viticulture. 57 

Vicente-Vicente et al. (2016) considered field experiments performed in vineyards and 58 

analysed the influence of some SCS practices specifically for vineyards as part of their meta-59 

analysis in woody croplands, but their study focused on a limited number of SCS practices 60 

(cover cropping, organic amendments and a combination of both) and on specific bioclimatic 61 

zones (non-Mediterranean vineyards were excluded from their analysis). 62 

 63 

Understanding and quantifying the mitigation potential of vineyards is important for future 64 

policy decisions in the agriculture sector. This paper presents a meta-analysis of the response 65 

of SOC stocks in 0-30 cm depth in vineyards to different SCS management practices from a 66 

global sample of individual field studies. It also compares the changes in SOC stocks 67 

depending on climate and study length. To our knowledge, this is the first meta-analysis 68 

dealing with the influence of SCS management on SOC stocks in vineyards at the global 69 

level. The novelty of this study is to consider all SCS practices applicable to vineyard 70 

agroecosystems and to estimate the SOC sequestration rate associated with their 71 

implementation in viticultural soils located under all types of climate. Our study also 72 
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represents the first attempt to assess, through meta-analysis, the effect of biochar 73 

amendments, pruning residue return and no-tillage on SOC stocks in vineyards specifically.  74 

 75 

 76 

2. Materials and methods 77 

 78 

2.1.Data collection 79 

 80 

A literature search focusing on publications reporting pairwise comparisons between 81 

conventional management and SCS practices in vineyards was conducted in October 2019. 82 

The search covered the electronic databases of ISI Web of Knowledge and Scopus, using the 83 

keywords “soil organic carbon”, “soil organic matter” or “soil carbon sequestration” and 84 

“vineyard” or “Vitis vinifera”. Seeking complete coverage, a second search of the same 85 

databases used the keywords: “cover crop”, “no-tillage”, “amendment”, “biochar”, “hedge”, 86 

“agroforestry”, “pruning”, “soil erosion” or “pH” in combination with “vineyard” or “Vitis 87 

vinifera”. These keywords correspond to SCS practices applicable to viticultural soils, to soil 88 

properties playing a role in SOC sequestration, or to phenomena affecting SOC sequestration.    89 

 90 

Selected studies fulfilled the following criteria: (i) they included experiments measuring SOC 91 

or SOM levels within existing vineyards or through experimental manipulation of vineyard 92 

management practices; (ii) they were performed under field conditions (laboratory studies 93 

and pot experiments were excluded) for a minimum period of three years; and (iii) they were 94 

published in or after 2000. When several studies contained data from the same field 95 

experiment, only the longest study was selected to avoid redundancy in the data.  96 

 97 
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2.2.Definition of categories 98 

 99 

2.2.1. Soil management practices 100 

Five different SCS practices were found during the literature search: organic amendments 101 

(OA), biochar amendments (BC), returning pruning residues to the soil (PR), no-tillage (NT) 102 

and cover cropping (CC). Other SCS practices applicable to viticulture (e.g., using contour 103 

hedges) were not considered by any of the field experiments gathered in the literature search 104 

and were, therefore, not included in this study.  105 

• OA included comparisons where organic amendments (e.g., compost, manure, green 106 

waste, sludge, etc.) were applied to the vineyard. Biochar amendments and pruning 107 

residues were both excluded from this category and constituted a category of their 108 

own.  109 

• BC included comparisons where biochar amendments were applied to the vineyard.  110 

• PR included comparisons in which pruning residues were left on the ground or were 111 

incorporated into the soil after being crushed.  112 

• NT included comparisons where no-tillage was implemented continuously in the 113 

vineyard, meaning that the soil was not disturbed by tillage during the experiment. 114 

When used as a single practice, weeds were controlled using pre-emergence 115 

herbicides to ensure no other vegetation cover in the inter-rows.  116 

• CC included comparisons in which a cover crop was grown in the inter-rows of the 117 

vineyard. Cover crops were either native vegetation growing spontaneously or sown. 118 

In the latter case, different varieties of crops were chosen depending on the 119 

experiment, such as barley (Hordeum vulgare), clover (Trifolium pratense), vetch 120 

(Vicia sativa), etc. The cover crops were permanent or allowed to grow temporarily 121 

between early autumn and mid-spring. In all the experiments, the plant residues from 122 
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the cover crops were left on the soil surface or incorporated in the soil, which means 123 

that the produced organic matter (OM) was not removed from the agroecosystem by 124 

the experiment observers. When used as a single practice, the inter-row soil was 125 

ploughed at least once a year to control the vegetation, usually during spring.  126 

 127 

The comparisons were classified by soil management according to the SCS practices used in 128 

the experiment. The comparisons included either a single SCS practice (i.e. OA, BC, PR, NT 129 

or CC) or a combination of two or three SCS practices (e.g., OA+NT or PR+NT+CC); a 130 

category was created for each combination of practices. Conventional management was used 131 

as a control group and was characterised by the use of frequent tillage and, in most cases, the 132 

application of mineral fertilisers. All SCS treatments were cultivated under conventional 133 

management before the start of the experiments. The control groups showed no or a 134 

negligible change in SOC stocks throughout the duration of the experiments, suggesting that 135 

the soil of control and SCS treatments was in equilibrium before the introduction of SCS 136 

management.  137 

 138 

2.2.2. Climate classification  139 

Comparisons between SCS and conventional management in field experiments were also 140 

classified depending on their sub-climate using the Köppen-Geiger classification (Peel et al., 141 

2007). The classification differentiates 30 sub-climate types gathered in 5 broader categories 142 

(Table 1). Vineyards are commonly found under B-, C- and D-type climates. Grape is also 143 

grown in tropical regions (A-type climates), though to a lesser extent. Viticulture is, however, 144 

not conducted in polar regions. 145 

 146 

 147 
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2.2.3. Duration of the experiments 148 

Each pairwise comparison was, in addition, classified according to the duration of the 149 

experiment. Three categories were created: short-term studies (i.e. < 6 years), medium-term 150 

studies (i.e. between 6 and 10 years) and long-term studies (i.e. > 10 years). 151 

 152 

2.3.Data management and estimation methods 153 

 154 

Data on SOC stocks (in Mg C ha-1) at the beginning and the end of the experiment were 155 

collected for all the treatments included in the selected studies (Appendix B). In cases where 156 

the initial SOC stock values for SCS treatments were unavailable or could not be calculated, 157 

initial SOC stocks from conventional treatments were used instead, assuming that both the 158 

control and experimental plots had similar initial SOC stocks considering that they were 159 

established on the same soil and under similar pedoclimatic conditions. Only a limited 160 

number of studies provided values of SOC stocks; in most cases, SOC was given as a 161 

concentration. SOC stocks were, thus, derived from the concentration using Equation (1), in 162 

which SOC stock represents the SOC stock (in Mg C ha-1), di the soil depth (in m), ρi the bulk 163 

density (in Mg m-3) and [SOC]i the SOC concentration (in g C kg-1 of soil) for all the 164 

different soil layers included in each field experiment (i.e. from i to n soil layers). 165 

 166 

��� ����	 =  � ��[���]
��

�

���
   (1) 167 

 168 

Whenever the bulk density was not provided by the studies, values were estimated using the 169 

pedotransfer function in Howard et al. (1995) for vineyards located under non-Mediterranean 170 

climates (Equation (2)) and, for vineyards located under Mediterranean climates, the same 171 

function but re-parametrised by Aguilera et al. (2013) with data from Mediterranean soils 172 
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(Equation (3)), in which ρ represents the bulk density (in g cm-3) and [SOC] the SOC 173 

concentration (in g C kg-1 of soil). When SOC concentrations were not determined by the 174 

study, they were derived from the SOM concentrations using the relationship developed by 175 

Pribyl (2010): [SOC] = [SOM] x 0.5.  176 

 177 

� =  1.3 − 0.275 "�#10([���])   (2) 178 

 179 

� = 1.84 − 0.443 "�#10([���])   (3) 180 

 181 

Since studies reported SOC stocks (and SOC or SOM concentrations) for different soil 182 

depths, a quadratic density function, based on (Smith et al., 2000a) and used by Abdalla et al. 183 

(2018), was used to derive a scaling cumulative distribution function (cdf) for soil density as 184 

a function of soil depth up to 1 m. This allowed measured or calculated SOC stocks (Mg C 185 

ha-1) at the beginning and the end of each experiment at a given depth d (in m) to be scaled to 186 

the equivalent values at 0.3 m following Equations (4) and (5). A depth of 0.3 m was chosen, 187 

since the great majority of the change in SOC occurs in the top 0.3 m of soil, even though 188 

some changes may also occur below 0.3 m (Smith et al., 2000b). Besides, scaling all studies 189 

to a depth of 0.3 m provided a standardised analysis compatible with the Tier 1 methods of 190 

the IPCC (2006) guidelines.  191 

 192 

�()(() = (22.1 − **.*�+
, + �../�0

* ) 10.416672    (4) 193 

 194 

��� ����	 (0.3 3) = ��� ����	 (()  × �() (0.3) �() (()⁄    (5) 195 

 196 

 197 
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2.4.Statistical analyses 198 

 199 

The collected data harmonised to a depth of 0.3 m was used to calculate three effect sizes for 200 

SOC stock comparisons: (i) the SOC stock response ratio (RR), to estimate the change in 201 

SOC stocks under SCS practices relative to conventional management, (ii) the SOC stock rate 202 

of change (R), as a measure of the annual growth rate in SOC stocks under SCS management 203 

relative to conventional management, and (iii) the raw difference in means of SOC stocks for 204 

SOC sequestration rate comparisons. Statistical analyses were performed in the R 205 

environment software (R Core Team, 2019). When several treatments with similar 206 

management shared the same control, one composite effect size was computed for these 207 

treatments to ensure that all the comparisons in the meta-analysis were independent. The 208 

composite effect size was calculated by averaging the effect sizes of the non-independent 209 

treatments. When these treatments had different sample sizes, a weighted mean was used to 210 

give more importance to the treatments with a higher sample size (Borenstein et al., 2009).  211 

 212 

RR was defined by the methods of Hedges et al. (1999) as the natural logarithm of the ratio 213 

of the SOC stock at the end of the experiment under SCS management ((SOC stock)f in Mg C 214 

ha-1) to the SOC stock at the beginning of the experiment ((SOC stock)i), according to 215 

Equation (6). The use of the natural logarithm allowed for a linearization of the metric, 216 

leading to a more normal sampling distribution (Hedges et al., 1999). The SOC stock was 217 

preferentially chosen for RR calculation over the SOC concentration to reduce the impact of 218 

the differences in soil depth and bulk density between studies. Data on the absolute amount of 219 

SOC change is also required to assess the contribution of SOC sequestration to climate 220 

change mitigation.  221 

 222 
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66 = ln9(��� ����	):; − ln ((��� ����	)�)  (6) 223 

 224 

R, expressed in yr-1, was computed following Equation (7), according to the methods used by 225 

Abdalla et al. (2018). t stands for the duration of the experiment (in years). 226 

 227 

6 =  66 �⁄    (7) 228 

 229 

The SOC sequestration rate (expressed in Mg C ha-1 yr-1) corresponds to the change in the 230 

SOC stock per hectare and per year for a 0.3 m depth under SCS management relative to 231 

conventional management. It was calculated following Equation (8), in which (SOC stock)f 232 

stands for the SOC stock (in Mg C ha-1) at the end of the experiment, (SOC stock)i for the 233 

SOC stock at the beginning of the experiment and t for the duration of the experiment (in 234 

years). The unit of the SOC sequestration rate was converted into CO2 equivalent (CO2-eq. 235 

ha-1 yr-1) by multiplying the results by the ratio of the molecular weight of CO2 to the 236 

molecular weight of carbon (44/12).  237 

 238 

 ��� �<=><��?@�A�B ?@�< =  (��� CDEFG)HI(��� CDEFG)
D    (8) 239 

 240 

Weighted mean effect sizes of each category of SCS practices, bioclimatic zones and study 241 

length were calculated. The studies were weighted by sample size (Adams et al., 1997) 242 

according to Equation (9), where wi refers to the weight of a given comparison i, and J���� 243 

and J���K refer to the sample sizes of the SCS treatment and the control treatment in the 244 

comparison, respectively. In meta-analyses, studies are usually weighted by the inverse of 245 

their variance (Borenstein et al., 2009); however, the variance was not provided in many of 246 

the studies. Sample size, on the contrary, was available in all references. Its use allowed for 247 
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the inclusion of all the studies gathered during the literature search, while maintaining the 248 

reasoning of the meta-analysis, which relies on attributing more weight to larger studies in 249 

effect sizes.   250 

 251 

L� = KMNMKNOP

KMNMQ KNOP   (9) 252 

 253 

Bias-corrected 95% confidence intervals were generated for each weighted mean effect size 254 

by bootstrapping procedure with 10,000 iterations (Adams et al., 1997), using the R package 255 

‘boot’ (Canty and Ripley, 2019).  256 

 257 

 258 

3. Results 259 

 260 

3.1.General findings 261 

 262 

A total of 50 studies were compiled, providing 146 independent comparisons between SCS 263 

and conventional management practices. An overview of the studies can be found in 264 

Appendix A. Almost all studies were peer-reviewed articles published in scientific journals (n 265 

= 46); only a few were conference papers (n = 2) or book chapters (n = 2). Most of the studies 266 

were published over the last ten years. Overall, the initial SOC stock was reported in 70% of 267 

the studies selected and the bulk density in 30%. The mean experiment duration was 8.5 268 

years (StDev = 5.8), with most comparisons being in the medium term (n = 70), slightly 269 

fewer in the short term (n = 57), and a fewer again in the long term (n = 19); the longest field 270 

experiments (n = 5) had a duration of 28 years. The mean soil depth was 0.31 m (StDev = 271 

0.18), with values ranging from 0.05 to 1 m.  272 
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 273 

The SCS management practices were very diverse, with a mix of single and combined 274 

practices. A combination of two SCS practices was used in the majority of the comparisons 275 

(n = 83). The most prominent combination was NT+CC (n = 70), followed by OA+NT (n = 276 

6), OA+BC (n = 3), PR+CC (n = 3) and PR+NT (n = 1). The number of comparisons 277 

associated with the use of a single SCS practice was lower (n = 52). OA was the most 278 

commonly used single SCS practice, with 27 comparisons, followed by CC (n = 9), NT (n = 279 

7), PR (n = 5) and BC (n = 4). The number of comparisons dealing with a combination of 280 

three SCS practices was substantially lower, with only 11 comparisons: OA+NT+CC (n = 7), 281 

PR+NT+CC (n = 3) and OA+PR+NT (n = 1). 282 

 283 

The majority of studies (39 out of 50) were conducted in countries of the European Union 284 

(Fig. 1). The largest number of studies was from Spain (n = 17), followed by Italy (n = 11), 285 

France (n = 10), the USA (n = 5), South Africa (n = 4), and Australia (n = 1), Germany (n = 286 

1) and Turkey (n = 1). The sub-climate Cfb, which corresponds to a temperate oceanic 287 

climate, was the most represented in the meta-analysis with 38 comparisons, followed by Csa 288 

(n = 25), Csb (n = 24), BSk (n = 17), BWh (n = 17), Cfa (n = 17), Csc (n = 5) and Dfa (n = 289 

3). The majority of comparisons (n = 105) were conducted under a Mediterranean climate 290 

(which includes the sub-climates BSk, BWh, Cfa, Csa, Csb and Csc), while fewer 291 

comparisons (n = 41) were undertaken under a non-Mediterranean climate (which includes 292 

the sub-climates Cfb and Dfa). 293 

 294 

 295 

 296 
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3.2.Impacts of soil management, climate and study length on the SOC stock response ratio 297 

(RR) 298 

 299 

The RR was significantly higher than 0 for all SCS practices (Fig. 2). This implies that all 300 

SCS practices analysed in this study were, on average, associated with an increase in SOC 301 

stocks in vineyards relative to conventional management. The average RR for all SCS 302 

practices was 0.40, which corresponded to an average increase in SOC stocks by +40% under 303 

SCS management relative to conventional management. The lowest RR (0.09) was observed 304 

in vineyards in which OA+BC had been used, whereas the highest RR (0.60) was found in 305 

vineyards in which a combination of OA+NT had been put in place.  306 

 307 

Changes in SOC stocks under SCS management differed between Köppen-Geiger sub-308 

climates (Fig. 3). The RR was significantly higher than 0 for all sub-climates, ranging from 309 

0.13 (obtained under Csc, a cold-summer Mediterranean climate) to 0.71 (obtained under 310 

BSk, a cold semi-arid climate). This means that the use of SCS practices was associated with 311 

an increase in SOC stocks under all sub-climates, but to a lesser extent under certain sub-312 

climates (e.g., Cfa, a humid subtropical climate, and Csc) than under others (e.g., BSk and 313 

Csa, a hot-summer Mediterranean climate).  314 

 315 

Management duration also had an effect on the change in SOC stocks under SCS 316 

management relative to conventional management (Fig. 4). The RR was significantly lower 317 

for short-term experiments (0.27) than for medium- (0.58) and long-term ones (0.53).  318 

 319 

 320 

 321 
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3.3.Effects of soil management, climate and study length on the SOC stock rate of change (R) 322 

 323 

All SCS management practices were associated with a positive SOC stock change rate 324 

relative to conventional management (Fig. 5). The R averaged 0.058 yr-1 for all SCS 325 

practices. This corresponded to an annual SOC stock growth rate of +5.8% yr-1 under SCS 326 

management. The R ranged from 0.019 to 0.074 yr-1 and was significantly higher than 0 for 327 

all SCS management practices. The lowest R (+1.9% yr-1) was found under PR, while the 328 

highest value (+7.4% yr-1) was observed under OA+NT+CC.  329 

 330 

The R varied significantly depending on the sub-climate of the field experiment (Fig. 6). The 331 

BSk sub-climate was associated with the highest R (0.095 yr-1). On the contrary, the Csc sub-332 

climate was associated with the lowest R (0.021 yr-1). 333 

 334 

The SOC stock change rate differed significantly according to the study length (Fig. 7). 335 

Short-term comparisons were associated with the highest R (0.064 yr-1), followed closely by 336 

medium-term comparisons (0.059 yr-1). Inversely, the R of long-term comparisons (i.e. 337 

between 10 and 28 years) was low (0.025 yr-1): it was 2.6 and 2.4 times lower than that of 338 

short- and medium-term studies, respectively.  339 

 340 

3.4.Influence of soil management, climate and study length on the SOC sequestration rate 341 

 342 

Annual SOC sequestration rates averaged 7.53 Mg CO2-eq. ha-1 yr-1 for all SCS management 343 

practices, ranging from 2.82 to 11.06 Mg CO2-eq. ha-1 yr-1 (Fig. 8). The highest value was 344 

found under OA+NT. It was 3.9 times higher than the lowest value observed under PR 345 

treatments. Across all comparisons, only 3 out of 146 had a negative annual SOC 346 
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sequestration rate (observed under NT, CC and PR+CC); the annual SOC sequestration rate 347 

of all the other comparisons was positive.   348 

 349 

The SOC sequestration rate varied significantly according to the sub-climates under which 350 

field experiments were undertaken (Fig. 9). The highest SOC sequestration rate was found 351 

under the BSk sub-climate (11.40 Mg CO2-eq. ha-1 yr-1), while the lowest rate was found 352 

under the BWh sub-climate (0.79 Mg CO2-eq. ha-1 yr-1), which corresponded to a hot desert 353 

climate with low mean annual precipitation.  354 

 355 

The SOC sequestration rate significantly differed depending on the experiment duration, with 356 

long-term comparisons being associated with lower SOC sequestration rates than medium- or 357 

short-term comparisons (Fig. 10). The SOC sequestration rate averaged 8.66 Mg CO2-eq. ha-1 358 

yr-1 for short-term studies, 6.95 Mg CO2-eq. ha-1 yr-1 for medium-term studies and 3.99 Mg 359 

CO2-eq. ha-1 yr-1 for long-term studies. It was 25% and 117% higher for short-term studies 360 

than for medium- and long-term experiments, respectively.  361 

 362 

 363 

4. Discussion 364 

 365 

4.1.Effects of soil management, climate and study length on the change in SOC stocks 366 

 367 

4.1.1. SCS management practices 368 

SCS management aims to increase SOC stocks in different ways: by increasing OC inputs to 369 

the cropping system, by reducing OC losses from the cropping system, or both (Sykes et al., 370 

2020). The type of SCS practices adopted decides which of these options is realised in a 371 
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given cropping system. The adoption of OA and that of BC lead to increased OC inputs to the 372 

cropping system by increasing the primary productivity of the crop and adding OC produced 373 

outside the cropping system to the soil (Sykes et al., 2020). Implementing CC also increases 374 

OC inputs to the cropping system through the integration of additional biomass producers 375 

within the system. PR and NT both intend to reduce OC losses from the cropping system, the 376 

former by minimising the deliberate removal of OC from the system, the latter by reducing 377 

soil disturbance, which lessens the atmospheric release of CO2 from microbial mineralisation 378 

(Sykes et al., 2020). OA and CC may also reduce OC losses by minimising the lateral 379 

transport of SOC via erosion processes.  380 

 381 

The use of OA had a positive effect on the SOC stock to 30-cm depth, which increased by 382 

+44%, with an average SOC sequestration rate of 7.89 Mg CO2-eq. ha-1 yr-1. Vicente-Vicente 383 

et al. (2016) also found a positive effect of OA on SOC stocks in vineyards. The value they 384 

estimated for the SOC sequestration rate of this practice (2.38 Mg CO2-eq. ha-1 yr-1) was 3.3 385 

times lower than that found in our meta-analysis, which could be due to the small number of 386 

comparisons for OA treatments gathered by Vicente-Vicente et al. (2016) in their meta-387 

analysis (n = 8) and to the exclusion of vineyards located in non-Mediterranean regions from 388 

their analysis. Mohamad et al. (2016) found a similar SOC sequestration rate to that of our 389 

meta-analysis (7.33 Mg CO2-eq. ha-1 yr-1) for the use of OA in olive (Olea europea L.) 390 

orchards located in southern Italy. Baldi et al. (2018) estimated a slightly higher average SOC 391 

sequestration rate in a nectarine (Prunus persica L.) orchard under compost amendment in 392 

Italy (9.35 Mg CO2-eq. ha-1 yr-1). This shows that the application of OA may have a similar 393 

effect on SOC stocks in vineyard systems as in other woody crop systems (such as olive and 394 

citrus orchards). However, a net reduction in atmospheric CO2 using this practice in 395 

vineyards would happen only if the added organic amendments were developed specifically 396 
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for vineyard agroecosystems and were not displaced from another area where they would 397 

have otherwise been applied to the soil or if they were diverted from an alternative use that 398 

would cause the OC in the amendments to be rapidly lost to the atmosphere, e.g., through 399 

burning (Powlson et al., 2011).  400 

 401 

The long-term impact of BC on SOC stocks has been proven to be positive in agricultural 402 

soils (e.g., Liu et al., 2016; Bai et al., 2019), though neutral or negative effects have also been 403 

observed (e.g., Majumder et al., 2019). The effects of BC on SOC stocks are BC-, climate- 404 

and soil-specific, which makes the application of this practice in agricultural soils at the 405 

global level context-dependent. Our meta-analysis showed that the application of BC in 406 

vineyards led to an increase in SOC stocks by +18%, with a SOC sequestration rate of 8.96 407 

Mg CO2-eq. ha-1 yr-1. These values were higher than those found by Safaei Khorram et al. 408 

(2019) in an apple (Malus domestica Borkh.) orchard in Iran, where the use of BC increased 409 

SOC stocks by +8% and was associated with a SOC sequestration rate of 4.48 Mg CO2-eq. 410 

ha-1 yr-1. Results from our meta-analysis suggest that BC can be used in vineyards as a way to 411 

enhance SOC sequestration. The use of BC in viticultural soils may also lead to increased 412 

vineyard productivity with no negative impact on grape quality as observed by Genesio et al. 413 

(2015), though more comprehensive and long-term evidence is required. However, all the 414 

field experiments included in the BC category in our meta-analysis had a short duration (≤ 5 415 

years); further studies with long-term experiments are, thus, needed to improve knowledge on 416 

the effect of BC on SOC stocks in vineyards in the long term. 417 

 418 

The SOC sequestration rate obtained under PR (2.82 Mg CO2-eq. ha-1 yr-1) was the smallest 419 

among all SCS practices. Though small, it was nevertheless significantly positive, suggesting 420 

that the practice led to an accumulation of SOC relative to conventional management. The 421 
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use of PR is particularly relevant in winegrowing regions where the removal of pruning 422 

residues for burning is quite common and results in residue-removal-induced SOC losses, 423 

e.g., in Burgundy and Beaujolais in France (Agreste, 2017). In these winegrowing regions, 424 

incorporating the pruning residues into the soil is likely to increase SOC stocks (Wang et al., 425 

2015), since crop residues are precursors for SOM, which constitutes the main store of OC in 426 

the soil (Smith et al., 2008). The use of this practice may also be associated with an increase 427 

in crop yield (García-Orenes et al., 2016) while maintaining wine quality (Morlat and 428 

Chaussod, 2008). 429 

 430 

The introduction of NT practices in agricultural systems may have many benefits for 431 

sustainable soil management, including reducing soil erosion, improving soil structure and 432 

enhancing soil moisture (Derpsch et al., 2010). Adopting NT management may also increase 433 

SOC stocks (Ogle et al., 2019), as NT helps to preserve soil aggregates, physically protecting 434 

SOC from mineralisation (Merante et al., 2017). Nevertheless, the adoption of NT is not 435 

universally applicable for increasing SOC stocks; its effects on SOC stocks are context-436 

specific and depend on climate and soil characteristics (Ogle et al., 2019). Our meta-analysis 437 

indicated that, in the case of viticultural soils, the use of NT led to an average positive change 438 

in SOC stocks by +20%, resulting in a SOC sequestration rate of 3.50 Mg CO2-eq. ha-1 yr-1. 439 

In comparison, Morugán-Coronado et al. (2020) reported a higher SOC sequestration rate 440 

(5.13 Mg CO2-eq. ha-1 yr-1) under NT management in Mediterranean fruit orchards (including 441 

vineyards and almond, olive and citrus orchards). This confirms the positive effect of NT on 442 

SOC stocks in vineyards as well as in other woody crop systems. Our results, which were 443 

based on field experiments with varying climates and different soil types, helped to reduce 444 

the large uncertainties associated with the use of NT in agricultural soils (Ogle et al., 2019).  445 

 446 
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The use of CC in viticultural soils resulted in an increase in SOC stocks by +22%, with a 447 

SOC sequestration rate of 4.45 Mg CO2-eq. ha-1 yr-1. Comparatively, Vicente-Vicente et al. 448 

(2016) calculated a SOC sequestration rate of 2.86 Mg CO2-eq. ha-1 yr-1 in Mediterranean 449 

vineyards under CC. Winter et al. (2018) also reported a positive change in SOC stocks in 450 

viticultural soils under CC relative to conventional management. Our results confirm the 451 

positive effect of CC on SOC stocks in viticultural soils observed by previous studies. In 452 

addition, Pardo et al. (2017) reported that the use of CC in orchards located in Spanish 453 

Mediterranean coastal areas (including citrus trees, fruit trees, olive groves and vineyards) 454 

resulted in a SOC sequestration rate of 1.61 Mg CO2-eq. ha-1 yr-1. Morugán-Coronado et al. 455 

(2020) found a SOC sequestration rate of 2.64 Mg CO2-eq. ha-1 yr-1 in Mediterranean fruit 456 

orchards under CC. Vicente-Vicente et al. (2016) estimated that CC in Mediterranean olive 457 

and almond orchards were associated with a SOC sequestration rate of 4.03 and 7.48 Mg 458 

CO2-eq. ha-1 yr-1, respectively. The SOC sequestration rate found in our study aligns with the 459 

broad range of values reported by the literature on woody crop systems. These variations in 460 

SOC sequestration rates could be due to the differences in area covered by the CC, which 461 

may lead to differing amounts of aboveground and belowground biomass between woody 462 

crop systems. 463 

 464 

Combinations of SCS practices increased SOC stocks relative to conventional management 465 

and were associated with higher SOC sequestration rates than single SCS practices. The 466 

combination of SCS practices with the strongest change in SOC stocks (+60%) was OA+NT, 467 

with a SOC sequestration rate of 11.06 Mg CO2-eq. ha-1 yr-1, which was 1.4 and 3.2 times 468 

higher than that of OA and NT used as single practices, respectively. A slightly lower change 469 

in SOC stocks was found under OA+NT+CC (by +41%, for a SOC sequestration rate of 470 

10.51 Mg CO2-eq. ha-1 yr-1). These values were higher than those observed in fruit tree 471 
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orchards put under similar combined management practices. In a peach (Prunus persica L.) 472 

orchard under a Mediterranean climate, the use of OA+NT+CC increased SOC stocks by 473 

+19% and was associated with a SOC sequestration rate of 3.15 Mg CO2-eq. ha-1 yr-1 474 

(Montanaro et al., 2017), which was more than 3 times lower than that observed in vineyards 475 

in our study. This suggests that OA+NT+CC is a recommended SCS management option in 476 

viticultural agroecosystems, where it may have the potential to increase SOC stocks even 477 

more than in other woody cropping systems (e.g., peach orchards).  478 

 479 

Combined SCS practices without the use of external organic amendments had a lower 480 

positive impact on SOC stocks than OA+NT and OA+NT+CC (+48% for NT+CC and +23% 481 

for PR+NT+CC) and were associated with lower SOC sequestration rates (7.63 Mg CO2-eq. 482 

ha-1 yr-1 for NT+CC and 6.35 Mg CO2-eq. ha-1 yr-1 for PR+NT+CC). Though lower, the SOC 483 

sequestration rates of these combined practices rely only on carbon inputs produced within 484 

the vineyard system and are not subject to the availability of organic fertilisers. Moreover, in 485 

the case of NT+CC, the SOC sequestration rate was 1.7 times higher than that of CC used 486 

with conventional tillage. This shows the importance of tillage with regards to OC 487 

accumulation in the soil: under a combination of NT+CC, the cover crop residues are left 488 

onto the soil surface, which leads to slower incorporation and decomposition of OM than 489 

when the residues are mechanically incorporated to the soil by tillage and to an overall higher 490 

accumulation of SOC in the upper soil layers (Reicosky et al., 1995). In contrast, however, 491 

conversion from conventional tillage to NT may result in a decline in SOC stocks at deeper 492 

depths and modify the distribution of SOC in the soil profile (Luo et al., 2010).  493 

 494 

 495 

 496 
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4.1.2. Köppen-Geiger sub-climates 497 

The comparison of SOC stock responses to SCS management under different climates 498 

showed that the BWh sub-climate was associated with the lowest SOC sequestration rate 499 

(averaging 0.79 Mg CO2-eq. ha-1 yr-1) among all sub-climates. Vicente-Vicente et al. (2016) 500 

also observed, in their meta-analysis, that the SOC sequestration rate of CC treatments in 501 

woody croplands (including vineyards and olive and almond orchards) under the BWh sub-502 

climate was lower than those under temperate climates, with values averaging 1.43 Mg CO2-503 

eq. ha-1 yr-1 for BWh, while Cfb, Csb and Csa were associated with SOC sequestration rates 504 

of 4.33, 4.47 and 4.66 Mg CO2-eq. ha-1 yr-1, respectively. The authors attributed the lower 505 

SOC sequestration rate measured under the BWh sub-climate to the low net primary crop 506 

productivity found in hot and dry locations due to water limitations and physical and 507 

chemical constraints to carbon accumulation present under such climate (Post et al., 1996). 508 

Water limitations may explain the differences in SOC stock change observed between BSk 509 

and BWh treatments, with the SOC sequestration rate of BWh, a hot desert climate with low 510 

mean annual precipitation, being significantly lower than that of BSk, a cold semi-arid 511 

climate which is wetter than BWh.  512 

 513 

Results suggested that SCS management was particularly effective at sequestering OC in 514 

vineyards located in cold semi-arid winegrowing regions (e.g., in the Western Cape Province 515 

in South Africa), where it was associated with a SOC sequestration rate of 11.40 Mg CO2-eq. 516 

ha-1 yr-1. In comparison, the effects of SCS management on SOC stocks were lower in 517 

vineyards located in temperate winegrowing regions without a dry season in summer (Cf-type 518 

sub-climates, found for instance in the French Loire Valley or Mosel, Germany) and with a 519 

dry season in summer (Cs-type sub-climates, found for example in Sicily, Italy or Setúbal, 520 

Portugal), where SOC sequestration rates averaged 7.98 (n = 58) and 7.22 (n = 54) Mg CO2-521 
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eq. ha-1 yr-1, respectively. These findings could serve to inform policy making relating to the 522 

adoption of SCS management practices in vineyards based on bioclimatic zones.  523 

 524 

4.1.3. Study length 525 

The analysis of the impacts of study length on SOC stock change showed that short-term 526 

experiments were associated with a SOC sequestration rate 1.2 and 2.2 times higher than that 527 

of medium- and long-term experiments, respectively. The same trend was observed for the 528 

SOC stock rate of change, whose value for short-term studies was 1.1 and 2.6 times higher 529 

than that for medium- and long-term ones, respectively. Plotting the SOC sequestration rate 530 

(a) and the SOC stock rate of change (b) against the study length highlighted a negative 531 

correlation between the variables, with the SOC sequestration rate and the SOC stock rate of 532 

change decreasing as the study length increases (Fig. 11). It aligns with the observations of 533 

Francaviglia et al. (2019), who also found a negative correlation between the SOC stock rate 534 

of change and the duration of SOC sequestration in woody perennial crops under 535 

Mediterranean climates. This negative relationship can be due to the specific pattern that the 536 

change in SOC stocks follows after the implementation of an SCS practice: the SOC stock, if 537 

in equilibrium, increases quickly after new soil management is implemented and 538 

progressively declines thereafter until a new equilibrium in the soil is reached (Smith, 2014). 539 

According to the IPCC (2006) guidelines, it is considered that most of the change in SOC 540 

stocks happens over the 20 years following the adoption of new soil management, though soil 541 

equilibrium may take a century to reach (Poeplau and Don, 2015). Thus, studies taking place 542 

in the short term only capture the early stage of the SOC response to a change in soil 543 

management, i.e. when the SOC stock increases rapidly, which leads to overly high SOC 544 

sequestration rates calculated. The studies gathered in this paper mainly had a short- (< 6 545 

years) or medium-term (between 6 and 10 years) experiment length (n = 127) and were not 546 
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long enough to approach SOC stock equilibrium. Results found in this meta-analysis are valid 547 

for a period of 10 years following the adoption of SCS management and, to avoid 548 

overestimating SOC sequestration rates in the viticulture sector, should not be generalised to 549 

the long term. 550 

 551 

In addition, changes in SOC stocks must be observed over large temporal scales, since the 552 

inter-annual variability of climatic factors (e.g., inter-annual or seasonal temperature and 553 

precipitation patterns) have large effects on C cycling (Chou et al., 2008). Long-term studies 554 

are more reliable than short- or medium-term studies to estimate SOC stock change but they 555 

are rarer in the case of vineyards. Despite the growing number of field experiments in 556 

vineyards published over the past two decades, most studies with an experiment length of 10 557 

years or longer were published before 2012. This highlights the need for more long-term 558 

experiments in vineyards to be undertaken and published. However, because SOC 559 

sequestration has a finite potential and is non-permanent, it is a riskier long-term strategy for 560 

climate change mitigation than direct GHG emission reduction (Smith, 2004). Actions to 561 

reduce GHG emissions in the wine sector must, therefore, accompany efforts to increase SOC 562 

sequestration in viticultural soils.   563 

 564 

4.2.Implications of findings regarding the carbon footprint of viticulture and the ‘4 per 1000’ 565 

initiative 566 

 567 

Overall, the SOC sequestration rates estimated in our meta-analysis averaged 7.53 Mg CO2-568 

eq. ha-1 yr-1 for all SCS practices. This suggests that the use of SCS management is an 569 

effective way to sequester OC in viticultural soils, particularly for a crop that is commonly 570 

cultivated under low input conditions. This value can be compared to area-based life-cycle 571 
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GHG emissions in vineyard systems: Aguilera et al. (2015) estimated that 0.96 Mg CO2-eq. 572 

ha-1 yr-1 was emitted in conventional vineyards in Spain (including direct emissions and 573 

inputs production); Ponstein et al. (2019) estimated GHG emissions from conventional wine 574 

grape production in Germany to reach, on average, 1.70 Mg CO2-eq. ha-1 yr-1 (including 575 

direct emissions and inputs production); Litskas et al. (2017) estimated emissions from 576 

conventional vineyards in Cyprus to be of 3.37 Mg CO2-eq. ha-1 yr-1 (taking into account 577 

different types of grapevine variety and their varying input requirements). These values, 578 

which are considerably smaller than the average SOC sequestration rate calculated in this 579 

study, indicate that the introduction of SCS practices in vineyards could offset GHG 580 

emissions from viticultural activities. Assuming that area-based life-cycle GHG emissions 581 

from vineyard systems are unchanged under SCS management, the use of SCS management 582 

may result in an average GHG emission balance of –6.57 Mg CO2-eq. ha-1 yr-1 in Spanish 583 

vineyards (ranging from –1.86 under PR to –10.10 Mg CO2-eq. ha-1 yr-1 under OA+NT), of –584 

5.83 Mg CO2-eq. ha-1 yr-1 in German vineyards (ranging from –1.12 under PR to –9.36 Mg 585 

CO2-eq. ha-1 yr-1 under OA+NT), and of –4.16 Mg CO2-eq. ha-1 yr-1 in Cypriot vineyards 586 

(ranging from 0.55 under PR to –7.69 Mg CO2-eq. ha-1 yr-1 under OA+NT). This is in line 587 

with the results from Bosco et al. (2013) and Chiriacò et al. (2019), who also estimated a 588 

negative GHG emission balance in vineyards under SCS management, though it is 589 

considerably higher than the GHG emission balance of –0.03 Mg CO2-eq. ha-1 yr-1 estimated 590 

by Chiriacò et al. (2019) in Italian vineyards under PR+NT+CC.  591 

 592 

However, these values do not consider the possible variations in GHG emissions induced by 593 

a change in soil management. Previous studies (e.g., Rochette et al., 2008; Lugato et al., 594 

2018) reported increased nitrous oxide (N2O) emissions associated with positive changes in 595 

SOC stocks. The use of NT, for instance, can lead to higher N2O emissions under SCS 596 
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management than under conventional management (Rochette et al., 2008), though not always 597 

(He et al., 2019). Further research on GHG emissions associated with the use of SCS 598 

practices would be necessary to better estimate the GHG emission balance in viticultural soils 599 

under SCS management. These values also only take into account GHG emissions from the 600 

viticultural phase of wine production, and not that of the whole production of a bottle of 601 

wine. The viticultural phase represents about 30% of the product carbon footprint for wine, 602 

with values ranging from 19% in Germany (Ponstein et al., 2019) and 25% in Nova Scotia, 603 

Canada (Point et al., 2012) to 40% in Italy (Vázquez-Rowe et al., 2013). This suggests that 604 

SOC sequestration would not suffice to offset the totality of GHG emissions resulting from 605 

wine production. Further actions should, thus, be implemented to reduce GHG emissions in 606 

the wine sector, such as switching to light-weighted glass bottles, implementing energy 607 

efficiency measures at the vineyard and winery level, and reducing the carbon footprint 608 

associated with the transportation of bottled wine (CSWA, 2011).   609 

 610 

Furthermore, this study provided the SOC stock rate of change of different SCS management 611 

practices in viticultural soils (Fig. 5). The average SOC stock rate of change for all SCS 612 

practices was +5.8% yr-1 to a 30-cm soil depth, which was much higher than the ‘4 per 1000’ 613 

target of increasing SOC stocks by +0.4% annually to a 40-cm soil depth. It suggests that 614 

vineyards could play an important role in meeting the annual target of the initiative, 615 

especially in countries with a large viticultural land, such as Spain or France. Reaching the ‘4 616 

per 1000’ objective in France would require a SOC sequestration rate of 14.4 Tg C yr-1 (i.e. 617 

52.8 Tg CO2-eq. yr-1) in the 0-30 cm soil layer (Minasny et al., 2017). Considering that there 618 

are 0.793 Mha dedicated to viticulture in France (OIV, 2019), the use of SCS management in 619 

all French vineyards could potentially sequester 5.97 Tg CO2-eq. yr-1 on average in the 0-30 620 

cm soil layer (with values ranging from 2.24 under PR to 8.77 Tg CO2-eq. yr-1 under 621 
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OA+NT). This means that French viticultural soils may sequester 11% of the total amount of 622 

carbon needed to reach the target of the initiative at the national level annually (or between 4 623 

and 17% depending on the SCS practices considered). However, the feasibility of this SOC 624 

sequestration in French viticultural soils depends on the initial SOC stocks in vineyards, as 625 

soils with an already high SOC stock might not store much more carbon, while it might be 626 

hard to increase SOC stocks in soils with low OC due to climatic or management constraints 627 

(Minasny et al., 2017). 628 

 629 

4.3.Gaps and uncertainty  630 

 631 

The high representation of Spain, Italy and France in the studies collected occurred as these 632 

countries have a large area dedicated to viticulture: 0.969 Mha for Spain, 0.705 Mha for Italy 633 

and 0.793 Mha for France in 2018 (OIV, 2019). Together, these three countries represent 634 

33% of the global land area dedicated to viticulture and are all in the top five countries by 635 

viticultural land. However, no experiment taking place in China was found by the literature 636 

search, even though China’s area dedicated to viticulture is the second biggest in the world 637 

with 0.875 Mha in 2018 (OIV, 2019). This could be explained by the fact that grape 638 

cultivation has expanded in China only recently, growing from 10,000 ha in the 1960s (FAO, 639 

2019) to 875,000 ha in 2018 (OIV, 2019), and is mainly dedicated to the production of table 640 

(84.1%) and dried (5.6%) grapes (OIV, 2019). Turkey, whose area under vines is the fifth in 641 

the world with 0.448 Mha in 2018 (OIV, 2019), was also underrepresented in the meta-642 

analysis with a single study taking place in the country. The other countries (the USA, South 643 

Africa, Australia and Germany), by comparison, have a smaller land area dedicated to 644 

viticulture (< 0.450 Mha), which is coherent with the number of studies found for these 645 

countries.  646 
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 647 

Other gaps have been identified relating to the SCS practices and bioclimatic zones included 648 

in the meta-analysis. Though several SCS practices applicable to viticulture were analysed, 649 

not all of them were covered in this study (e.g., using contour hedges, optimising soil pH or 650 

water management were missing), which underlines the need for further research to be 651 

undertaken about SCS practices in viticultural soils. In addition, the sub-climates included in 652 

the study were consistent with the climatic distribution of vineyards at the global level: most 653 

vineyards producing high-quality wine are located in regions where the average temperature 654 

during the growing season (i.e. between April and October in the Northern Hemisphere and 655 

between October and April in the Southern Hemisphere) is between 13 and 21 °C (Jones, 656 

2006). However, other sub-climates under which viticulture is also found were missing (e.g., 657 

BSh in Pantelleria, Italy or Dfb in Styria, Austria). 658 

 659 

Some sources of uncertainty in our study were due to the fact that our methodology used an 660 

approach based on fixed depth to calculate SOC stocks. Bulk density, which was used with 661 

SOC concentration and sampling depth to estimate SOC stocks, was only provided in a few 662 

studies (30%). Pedotransfer functions (Equations (2) and (3)) were, thus, used to estimate this 663 

parameter from the SOC concentration reported in the studies. However, there is a high 664 

uncertainty in the prediction of bulk density using these functions, since specific management 665 

practices may affect differently bulk density within a given land use, according to the IPCC 666 

(2019) guidelines. Efthimiadou et al. (2010) proved that the use of OA generally decreases 667 

bulk density, while reducing tillage is usually associated with a positive change in bulk 668 

density (Hernanz et al., 2009). The uncertainty related to the effect of bulk density changes 669 

on SOC stock estimation may lead to an overestimation or an underestimation of the SOC 670 

stock in the experiment (IPCC, 2019). A more accurate way to estimate SOC stocks would be 671 
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to use a soil-mass equivalent approach instead of a soil-volume equivalent approach, as 672 

recommended by the IPCC (2019) guidelines. Unfortunately, most studies gathered in our 673 

meta-analysis did not provide the necessary information required to use a soil-mass 674 

equivalent approach (i.e. dry sample mass, area sampled by the probe or auger, etc.).  675 

 676 

In addition, the average sampling depth in field experiments was 0.31 m. This value is in line 677 

with the IPCC (2006) guidelines, which recommend the sampling of the top 0.3 m of soil to 678 

estimate changes in SOC stocks under new soil management. However, a number of studies 679 

included in the meta-analysis showed that changes in SOC stocks occurred deeper than 30 cm 680 

(e.g., Peregrina et al., 2014) and, in some cases, deeper than 60 cm (e.g., Agnelli et al., 2014). 681 

Field experiments reporting shallower depths (< 30 cm) tended to underestimate the SOC 682 

sequestration potential by overlooking changes in SOC stocks in deeper soil layers. Luo et al. 683 

(2010) also showed that the adoption of NT may provoke a redistribution of SOC in the soil 684 

profile, with increases in SOC stocks in surface layers and decreases in SOC stocks in deeper 685 

layers. Focusing only on the top 0.3-m soil layer may have led to an overestimation of OC 686 

sequestration in viticultural soils under NT, since potential net losses occurring in deeper soil 687 

layers were not accounted for in SOC stock change calculations.  688 

 689 

 690 

5. Conclusions 691 

 692 

This research could serve to inform policy making with regards to climate change mitigation 693 

in the viticulture sector by estimating potential SOC sequestration rates in 0-30 cm depth that 694 

could be obtained in viticultural soils following the adoption of SCS practices. Our findings 695 

indicated that the use of SCS practices may increase SOC stocks in viticultural soils, with an 696 
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average SOC sequestration rate of 7.53 Mg CO2-eq. ha-1 yr-1 to 30-cm depth for all SCS 697 

practices relative to conventional management. The increase in SOC stocks was the highest 698 

under a combination of OA+NT, which was associated with a SOC sequestration rate of 699 

11.06 Mg CO2-eq. ha-1 yr-1. This combination of SCS practices may, therefore, be a suitable 700 

management option for increasing SOC sequestration in vineyards. The lowest SOC 701 

sequestration rate for 0-30 cm depth was found under PR (2.82 Mg CO2-eq. ha-1 yr-1). 702 

However, even though the change in SOC stock associated with this practice was low, it was 703 

positive and non-negligible. This suggests that, even though their global land area is not as 704 

extensive as grasslands’ or annual croplands’, vineyards can play a crucial role in the global 705 

efforts to enhance SOC sequestration in agricultural land to mitigate climate change. 706 

 707 

Our study also showed that the adoption of SCS practices in vineyards may offset GHG 708 

emissions from viticultural activities and contribute to reducing the carbon footprint of the 709 

wine sector at the global level. Findings from this study indicated that the use of SCS 710 

practices in vineyard agroecosystems may help to achieve the targets of the ‘4 per 1000’ 711 

initiative, particularly in regions with a large viticultural land, as SCS management may be 712 

associated with an increase of +5.8% yr-1 in SOC stocks in viticultural soils to a 30-cm soil 713 

depth. More exhaustive field experiments providing measurements of all necessary data to 714 

calculate changes in SOC stocks in vineyards under SCS management compared to those 715 

under conventional management and of GHG fluxes are needed, however, to improve the 716 

accuracy of our findings. Further research is also needed to quantify the change in SOC 717 

stocks in vineyards under SCS management using modelling approaches to complement the 718 

findings from our meta-analysis. Modelling could also be conducted at the regional level to 719 

investigate the variations of SOC stock response under SCS management according to the 720 
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differences in climate, soil texture, initial SOC stocks, etc. between and within winegrowing 721 

regions.  722 
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Table 1. Defining criteria of the Köppen-Geiger classification and climate symbols (Peel et al., 2007).  

 

1st 2nd 3rd Description Criteria 
A   Tropical Tcold ≥ 18 °C 
 f  - Rainforest Pdry ≥ 60 mm 
 m  - Monsoon Not (Af) & Pdry ≥ (100 – MAP/25) 
 w  - Savannah Not (Af) & Pdry < (100 – MAP/25) 
B   Arid MAP < 10×Pthreshold 
 W  - Desert MAP < 5×Pthreshold 
 S  - Steppe MAP ≥ 5×Pthreshold 
  h    - Hot MAT ≥ 18 °C 
  k    - Cold MAT < 18 °C 
C   Temperate Thot > 10 °C & 0 °C < Tcold < 18 °C 
 s  - Dry summer Psdry < 40 mm & Psdry < Pwwet/3 
 w  - Dry winter Pwdry < Pswet/10 
 f  - Without dry season Not (Cs) or (Cw) 
  a    - Hot summer Thot ≥ 22 °C 
  b    - Warm summer Not (a) & Tmon10 ≥ 4 
  c    - Cold summer Not (a or b) & 1 ≤ Tmon10 < 4 
D   Cold Thot > 10 °C & Tcold ≤ 0 °C 
 s  - Dry summer Psdry < 40 mm & Psdry < Pwwet/3 
 w  - Dry winter Pwdry < Pswet/10 
 f  - Without dry season Not (Ds) or (Dw) 
  a    - Hot summer Thot ≥ 22 °C 
  b    - Warm summer Not (a) & Tmon10 ≥ 4 
  c    - Cold summer Not (a, b or d) 
  d    - Very cold winter Not (a or b) & Tcold < –38 °C 
E   Polar Thot < 10 °C 
 T  - Tundra Thot > 0 °C 
 F  - Frost Thot ≤ 0 °C 

 

MAP = mean annual precipitation, MAT = mean annual temperature, Thot = temperature of the hottest month, 

Tcold = temperature of the coldest month, Tmon10 = number of months where the temperature is above 10 °C, Pdry 

= precipitation of the driest month, Psdry = precipitation of the driest month in summer, Pwdry = precipitation of 

the driest month in winter, Pswet = precipitation of the wettest month in summer, Pwwet = precipitation of the 

wettest month in winter. If 70% of MAP occurs in winter, then Pthreshold = 2 x MAT; if 70% of MAP occurs in 

summer, then Pthreshold = 2 x MAT + 28; otherwise, Pthreshold = 2 x MAT + 14.  
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Figure 1. Map of the present Köppen-Geiger classification (Beck et al., 2018) with the locations of the 

experimental vineyards considered in this meta-analysis. 
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Figure 2. Influence of SCS practices (OA, organic amendments; BC, biochar; PR, pruning residues; NT, no-

tillage; and CC, cover crop) on the SOC stock response ratio (RR). PR+NT and OA+PR+NT were not included 

in the analysis, since only one comparison was observed for these categories. Points represent weighted average 

values, whereas error bars correspond to the 95% confidence intervals.  
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Figure 3. SOC stock response ratio (RR) per Köppen-Geiger sub-climate (BSk, cold semi-arid climate; BWh, 

hot desert climate; Cfa, humid sub-tropical climate; Cfb, temperate oceanic climate; Csa, hot-summer 

Mediterranean climate; Csb, warm-summer Mediterranean climate; Csc, cold-summer Mediterranean climate; 

Dfa, hot-summer humid continental climate). Points represent weighted average values, whereas error bars 

correspond to the 95% confidence intervals.  
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Figure 4. Influence of management duration on the SOC stock response ratio (RR). Points represent weighted 

average values, whereas error bars correspond to the 95% confidence intervals.  
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Figure 5. Effects of SCS practices (OA, organic amendments; BC, biochar; PR, pruning residues; NT, no-

tillage; and CC, cover crop) on the SOC stock rate of change (R). PR+NT and OA+PR+NT were not included in 

the analysis, since only one comparison was observed for these categories. Points represent weighted average 

values, whereas error bars correspond to the 95% confidence intervals.  
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Figure 6. SOC stock rate of change (R) per Köppen-Geiger sub-climate (BSk, cold semi-arid climate; BWh, hot 

desert climate; Cfa, humid sub-tropical climate; Cfb, temperate oceanic climate; Csa, hot-summer 

Mediterranean climate; Csb, warm-summer Mediterranean climate; Csc, cold-summer Mediterranean climate; 

Dfa, hot-summer humid continental climate). Points represent weighted average values, whereas error bars 

correspond to the 95% confidence intervals. 
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Figure 7. Effects of management duration on the SOC stock rate of change (R). Points represent weighted 

average values, whereas error bars correspond to the 95% confidence intervals. 
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Figure 8. Impacts of SCS practices (OA, organic amendments; BC, biochar; PR, pruning residues; NT, no-

tillage; and CC, cover crop) on the SOC sequestration rate. PR+NT and OA+PR+NT were not included in the 

analysis, since only one comparison was observed for these categories. Points represent weighted average 

values, whereas error bars correspond to the 95% confidence intervals.  
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Figure 9. SOC sequestration rate per Köppen-Geiger sub-climate (BSk, cold semi-arid climate; BWh, hot desert 

climate; Cfa, humid sub-tropical climate; Cfb, temperate oceanic climate; Csa, hot-summer Mediterranean 

climate; Csb, warm-summer Mediterranean climate; Csc, cold-summer Mediterranean climate; Dfa, hot-summer 

humid continental climate). Points represent weighted average values, whereas error bars correspond to the 95% 

confidence intervals. 
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Figure 10. Impacts of management duration on the SOC sequestration rate. Points represent weighted average 

values, whereas error bars correspond to the 95% confidence intervals. 
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 (a) 
 

 (b) 
 

Figure 11. Variation of the SOC sequestration rate (a) and R (b) according to the duration of the experiment.  
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Highlights 

• Effects of soil carbon sequestration (SCS) practices were assessed in vineyards using 

a meta-analysis. 

• All SCS practices led to soil organic carbon (SOC) accumulation in viticultural soils. 

• The average SOC sequestration rate was 7.53 Mg CO2-eq. ha-1 yr-1. 

• The impact of SCS management on SOC stocks was climate-dependent. 
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