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Abstract 

This study investigates changes in soil carbon under woodland combining data from the National Soil 

Inventory of England and Wales with data from the National Inventory of Woodlands and Trees to 

create a unique dataset with woodland management information at the sites where soil carbon was 

measured in 1980 and 2003. Three woodland management stages were compared: first rotation (i.e. 

recently planted on land not previously under woodland and not yet harvested), second rotation (i.e. 

harvested at least once), and historic woodlands. Woodlands in their first rotation demonstrated a 

reduction (p < 0.01) in topsoil organic carbon content typically losing over 2% per year, whereas no 

change (p ≥ 0.10) was observed for the other two woodland types. This large reduction in organic 
carbon could not be statistically explained by a higher inherent soil carbon, as the mean soil carbon 

content of the first rotation and second rotation woodlands were not (p ≥ 0.50) different. The average 
age of the woodlands under first rotation was 42 years, indicating that the period of significant soil 

carbon loss could go on for about 40 years after planting. 
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1. Introduction 

Quantification of changes in soil carbon over time is key to understanding the role of soils as sinks or 

sources of organic carbon. Previous studies (Bellamy et al., 2005; Kirk and Bellamy, 2010) have found 

large reductions in the carbon concentration of surface soil layers across England and Wales between 

1978 and 2003 and related these losses to land use and management practices. In a similar way, a 

comparison of soil carbon on arable and grassland areas in a mountainous region in France (Saby et 

al., 2008) showed a mean loss in topsoil soil organic carbon from 26.7 g kg−1 in 1990 to 19.8 g kg−1 in 

2004. This French study highlighted that the greatest loss occurred from soils with high carbon 

contents, and the role of changes in land use from permanent grassland to cultivation and increased 

temperatures during the survey period. In New Zealand (Schipper et al., 2007), significant amounts of 

soil carbon (2.1 kg m−2) were lost in grassland areas over a period of 13–20 years. In a country-wide 

survey in China (Xie et al., 2007), soil organic carbon declined in grassland areas (−3.56 Pg over 278 
Mha; −1.28 kg m−2) over a period of 20 years (1980–2000) which was attributed to grassland 

degradation and poor management practices. By contrast, other studies have provided evidence of 

gains in soil organic carbon. For example, Lettens et al. (2005) reported an increase in soil organic 

carbon from 1960 to 2000 in Belgium in the upper 30 cm for grassland and forested areas. Kirby et al. 

(2005) reported an increase in soil organic matter for forests in lowland (15.7% to 16.7%), mineral 
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(7.8% to 12.9%) and organo-mineral (15.6% to 17.6%) soils for British woodlands between 1971 and 

2001. Emmett et al. (2010) also reported an increase in soil carbon concentrations in woodlands in 

Britain between 1978 and 2007. For Danish croplands (Heidmann et al., 2002), the carbon content has 

been reported to increase on loamy soils over a period of 10–12 years (1986–87 to 1997–98), with 

annual changes in carbon stocks at 0–50 cm depth ranging from −0.13 to 0.21 kg m−2. Independent of 

whether the soil is currently sequestering or releasing carbon to the atmosphere, it is useful to 

understand whether these changes in soil organic carbon are affected by climate-change and land 

management. If they are affected by land-management, then there is a possibility to modify practices 

to increase carbon sequestration to soils.  

Kirk and Bellamy (2010) showed that the magnitude and scale of climate-change-induced changes in 

soil carbon in England and Wales was relatively small when compared to the magnitude of land 

management-induced changes. Subsequently Smith et al. estimated (Smith et al., 2007) that 

temperature changes due to climate change could have resulted in at most 10–20% of the carbon loss 

found in England and Wales (Bellamy et al., 2005). Further studies (Cox et al., 2000; Davidson and 

Janssens, 2006; Heimann and Reichstein, 2008; Jenkinson et al., 1991) looking at detecting climate-

change induced losses of soil carbon have recognized the need to account for the strong effect of land 

management in the analysis. A review (Smith et al., 2007) of the changes in land management 

practices occurring during the sampling period of the loss found in England and Wales (Bellamy et al., 

2005) identified a number of changes including a decrease in spreading of animal manure (Jenkinson, 

1988) due to a steady decline in livestock numbers FAO (2005), more efficient removal of agricultural 

products from fields (Ewert et al., 2005; Smith et al., 2005; Poulton et al., 1996), deeper ploughing 

depths due to technological advances, and the legacy of land use change occurring before the survey 

period (Heimann and Reichstein, 2008; Jenkinson, 1988; FAO, 2005; Ewert et al., 2005; Poulton et al., 

1996; Smith et al., 2005). However, there are few existing studies of how forest type and management 

practice affects soil carbon changes of forest land. Hence, this study aims to quantify changes in soil 

organic carbon in forests in England and Wales and to determine how any changes relate to rotation 

stage. 

2. Materials and Methods 

2.1. Data

Two data sets were analysed: the National Soil Inventory (NSI) of England and Wales (Loveland, 1990) 

carried out by the National Soils Resources Institute and the National Inventory of Woodlands and 

Trees (NIWT) from Forest Research (Wright, 1998). The NSI consists of 5662 sites that were sampled 

for soil carbon (g kg−1) in 1980, 40% of which were re-sampled between 1995 and 2003. The re-

sampling was done in three phases: in 1994–1995 for arable and rotational grassland sites, in 1995–

1996 for managed permanent grassland sites, and in 2003 for non-agricultural sites including 

woodland. Soils were sampled on an orthogonal 5 km grid; samples were collected and soil profiles 

characterised at the intersection of each of these grids. The 5 km grid was offset 1 km north and 1 km 

east of the origin of the National Grid. Urban areas and water bodies were not sampled. A total of 25 

soil cores were taken at 4 m intervals at the intersections of a 20 m grid centred on the 5 km grid 

sampling site. The auger used to extract each of the samples had a 2.5 cm diameter; samples were 

taken to a maximum depth of 15 cm having removed surface litter. Depending on the carbon content, 

samples were either analysed for soil organic carbon (Corg) using the Walkley-Black method 

(Kalembasa and Jenkinson, 1973) or by loss on ignition (LOI) (Bellamy et al., 2005). Those samples 

analysed by LOI were converted to Corg by assuming that Corg = 0.5 × LOI. An analysis carried out to 

detect differences between these two methods showed that there was good agreement and no 

systematic deviation between the values of Corg obtained with the LOI and the Walkley-Black methods 



(Bellamy et al., 2005). Land use was also recorded at each of the sampled sites following a broad 

classification (i.e., horticultural crops, permanent grassland, ley grassland, arable, bog, recreation, 

rough grazing, lowland heath, scrub, deciduous woodland, coniferous woodland, salt marsh, upland 

grassland, upland heath, orchard, montane and other).  

Forest Research carried out the NIWT which surveyed all woodlands in the UK between 1999 and 

2003. A digital map showing all woodland over 2 ha was created from 1:25,000 aerial photographs. 

Woodland was classified from the aerial photographs into broad forest types: conifer, broadleaved, 

mixed coppice, coppice with standards, shrub, young trees, ground prepared for new planting, and 

felled (Wright, 1998). New areas planted subsequent to the date of the aerial photographs were added 

by reference to the Woodland Grant Scheme information and to Forest Enterprise sources. Mapping 

was followed by a ground survey of roughly 1% of the woodland area. Woodlands were stratified into 

three size categories with 1 ha plots then being used for ground sampling. Data collected at each plot 

included information on forest type, management, date of planting, and rotation. Rotation, in this 

context is a period of time normally sequential (e.g., first or second rotation) where an even aged 

stand is planted or regenerated, matures and is then felled. First rotation woodland refers to trees 

planted on land previously not used for woodland (the previous land use is not defined). Second 

rotation woodland was defined as woodland that has been felled and re-established at least once in 

its history. The third class was “historic woodland” which was used to indicate both ancient woodland 

and long-term woodland. Ancient woodlands are areas that have persisted since 1600 in England and 

Wales, and 1750 in Scotland (Forestry Commission, 2017). Long-term woodland refers to woodland 

that was established decades ago but it may include trees planted within the stand in more recent 

years.  

Spatially co-located NSI and NIWT sites were selected using Geographical Information Systems to 

investigate whether the losses in carbon exhibited in the NSI data could be related to management of 

the woodlands. NSI and NIWT sites were considered to be co-located in space when the NSI point fell 

within a woodland polygon. Only those sites classified as land cover “woodland” (i.e., coniferous and 

deciduous) in the second sampling of the NSI were considered for analysis, as these would be the only 

sites that would have been included in the NIWT which was carried out at about the same time (2003) 

as the NSI resampling. 

2.2. Statistical methodology 

The rate of change of organic carbon (ΔCorg in g (kg yr)−1) between the first (Corg1 in g kg−1) and second 

(Corg2 in g kg−1) NSI surveys was calculated as shown in Eq. (1):  

(1) 

where t is the time (years) between the first and second NSI surveys at a particular location. The 

sampling dates were available for both the first and second sampling for the NSI so the time interval 

between samplings could be determined to the nearest day. The mean organic carbon (Corg in g kg−1) 

at each NSI site during the sampled period was estimated as shown in Eq. (2).  
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The analysis of the NSI showed that the rate of reduction in the organic carbon concentration in the 

surface layer of soils across England and Wales increased linearly with increasing soil carbon content 

for the whole country and across all land uses; hence losses were greatest in soils with large carbon 

contents while soils with low carbon contents tended to gain carbon. That carbon loss is a function of 

soil carbon is not surprising, because at larger quantities of soil carbon there is more carbon to lose.  

It was intended therefore to use the organic carbon as a covariate in an Analysis of Covariance 

(ANCOVA) (Sokal and Rohlf, 1995) to investigate if differences in rate of change in organic carbon were 

due to the type of woodland (i.e., coniferous and deciduous), as classified by the NSI land use 

classification. ANCOVA relates values of the dependent variable (i.e., the rate of change of carbon) at 

each level of a fixed effect (e.g., coniferous or deciduous woodland) allowing for the variation in a 

continuous variable (i.e., mean of the organic carbon measured at the first and second sampling). 

However, the model fitted within the ANCOVA analysis is valid only if several assumptions about the 

data hold. These are that (i) the covariate is normally distributed, (ii) the dependent variable is 

normally distributed within the groups of the fixed effects, (iii) the variance within the groups is 

constant and (iv) the slopes of the regressions lines within each group are homogeneous. These 

assumptions were tested for the dataset analysed through the assessment of descriptive statistics 

(skewness, kurtosis, mean, median and standard deviation), residual plots, data normality and outliers 

(Sokal and Rohlf, 1995). Data transformations were carried out and extreme values excluded where 

necessary. Some of these assumptions were not valid when investigating if differences in rate of 

change in organic carbon were due to the type of woodland. The Mann-Whitney U test (Lehmann, 

1975), a nonparametric alternative to the t-test for independent samples, was used in this instance. 

This test does not allow for covariates to be included in the analysis but does not require the 

assumptions of normality or homogeneity of variances.  

Both parametric and nonparametric tests were combined in the analysis. The data from the co-located 

sites from the NSI and the NIWT were used to investigate whether a significant loss of carbon was 

observed within each rotation class: a t-test was carried out to compare each rotation class with the 

null hypothesis that the rate of change of carbon in that class equals 0. A t-test was also carried out to 

assess whether the average amounts of carbon varied with rotation and to investigate the time 

between planting and survey of the different rotation classes. Normality of the data was assessed 

within the individual classes and extreme values removed if necessary. 

3. Results and discussion 

3.1. Results 

A total of 210 re-sampled NSI points were under woodland at the second sampling; 106 and 104 under 

coniferous and deciduous/mixed woodland, respectively (Table 1 and Fig. 1). The mean time interval 

between sampling for the NSI sites identified was 21.7 ± 0.14 years. From these 210 NSI records, 75 

points fell within woodland plots with forest management information, but only 69 (58 under 

coniferous and 11 under deciduous woodland) had information on both organic carbon change and 

forestry management (Table 2 and Fig. 1). Management information was not available for all the NIWT 

points. Hence, those variables with partial records or with only a few sites per sub-class recorded were 

not considered for analysis; only “rotation” had enough records to be considered for further analysis.  

Table 1 summarises the descriptive statistics for the ΔCorg in coniferous and deciduous woodlands. 

Overall, soils under woodland showed a decrease in organic carbon (−0.82 ± 0.25 g (kg yr)−1). Fig. 2 

shows box-plots of the NSI data for the two groups indicating the large variation in the data and their 

non-normality (Table 1), which was maintained even on transformation of the data. Although the 



mean ΔCorg for NSI sites under coniferous woodland (−1.09 ± 0.42 g (kg yr)−1) was greater than that for 

sites under deciduous/mixed woodland (–0.53 ± 0.26 g (kg yr)−1), this difference was not statistically 

significant (p > 0.05). The nonparametric Mann-Whitney U test was used due to the non-normality of 

the data. Results showed that there were no significant differences (p–value = 0.86) in the rates of 

change of carbon between the two types of woodland.  

Table 1 Descriptive statistics of rate of change in organic carbon (ΔCorg in g (kg yr)−1) in coniferous and 

deciduous woodlands for the NSI sites; N is the number of sites, SD is standard deviation, SE is standard 

error, Sk is skewness and K is kurtosis. Corg in g kg−1 is the mean carbon content in the soil. 

Woodland 

type 

∆Corg

N Mean Median Min Max SD SE Sk K Mean

Coniferous 106 -1.09 -0.199 -18.28 18.25 4.30 0.42 -0.72 7.09 99.64 

Deciduous 104 -0.53 -0.07 -12.06 8.37 2.61 0.26 -1.38 5.90 62.43 

All woodland 210 -0.82 -0.11 -18.28 18.25 3.57 0.25 -1.00 8.85 81.21 

Fig. 1. Map of England and Wales showing (left) the National Soil Inventory sites under woodlands at 

the second sampling classified as deciduous (DC) and coniferous (CO) woodlands; (right) co-located 

sites with management information under first rotation, second rotation and historic woodland. 
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Fig. 2. Box-plots for the National Soil Inventory sites classified as woodland at the second sampling 

grouped by woodland type (DC = deciduous, CO = coniferous). 

Table 2 shows the descriptive statistics of the co-located data for each of the rotation classes. All 

except one of the sites within the first and second rotations were classified as coniferous woodland 

within the NSI (Fig. 1). The rates of change were normally distributed within the groups on removal of 

three outliers within the first rotation class, as was mean carbon once it had been log transformed. All 

tests were carried out on the data excluding the three outliers and using the transformed means. 

Results for the t-test, carried out to assess the mean rate of change for each rotation class compared 

to a zero change in carbon, showed that for both the second rotation (−1.22 g (kg yr)−1) and the historic 

woodland (0.01 g (kg yr)−1) there was no significant change in organic carbon levels in the surface 

layers (p-value = 0.10; p-value = 0.99 respectively). By contrast those sites under the first rotation 

showed a significant rate of loss of carbon (–2.71 g (kg yr)−1, p-value < 0.01) (Fig. 3). As one would 

expect sites with a higher inherent, or pre-existing, carbon content to lose carbon more quickly, the 

mean soil organic carbon was compared between the first and second rotations. No significant 

difference was found (t-test on log Corg , p-value = 0.72) indicating that the significant loss in carbon 

shown by first rotation could not be statistically related to those woodlands being on higher carbon 

soils than the second rotation.  

The Corg in the soil was highly variable for those sites within each woodland class (Table 3). For sites 

under first rotation, Corg ranged between 1.45 and 468.4 g kg−1, whereas for sites under second 

rotation the values ranged from 15.60 to 296.37 g kg−1. Historic woodland Corg content presented a 

narrower range (17.75 to 133.40 g kg−1) than that observed for the other groups.  
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Table 2 Descriptive statistics of rotation classes; N for the number of sites, ΔCorg in g (kg yr)−1 for the rate of change in organic carbon, Corg in g kg−1 is the 

average carbon content in the soil calculated as in Eq. (2), SD is standard deviation, SE is standard error, Sk is skewness, K is kurtosis and Age is the age of 

woodland (years). 

∆Corg Age

Rotation Class N Mean Median Min Max SD SE Sk K Mean N Mean SE

First rotation on formerly pasture land 34 -2.94 -1.43 -17.80 18.25 6.29 1.08 0.30 3.75 135.59 26 42.15 1.87

First rotation on formerly pasture land 

(excluding outliers) 
31 -2.71 -1.16 -12.59 2.37 3.85 0.69 -1.02 0.11 124.28 23 41.78 2.10 

Second and subsequent rotations 15 -1.22 -0.81 -6.24 3.89 2.71 0.70 -0.03 -0.27 104.34 10 11.20 2.48

Historic woodland
20 0.01 0.20 -8.71 5.83 2.83 0.63 -0.92 5.11 53.96 17 51.65 

13.4

4 

All sites 69 -1.72 -0.45 -17.81 18.25 4.96 0.60 -0.23 5.17 105.14 53 39.35 4.76

All sites (excluding outliers) 66 -1.55 -0.43 -12.59 5.83 3.49 0.43 -1.01 1.33 98.44 50 39.02 5.05

Table 3 Descriptive statistics of the mean carbon content in the soil (Corg) in g kg−1 for each rotation class; N is the number of sites, SD is standard deviation, 

SE is standard error, Sk is skewness and K is kurtosis. 

Rotation class

N Mean Median Min Max SD SE Sk K

First rotation on formerly pasture 

land (excluding outliers) 

31 124.28 94.75 1.45 468.40 112.89 20.27 1.38 1.63

Second and subsequent rotations 15 104.34 72.80 15.6 296.37 83.91 21.66 1.50 1.66

Historic woodland 20 53.96 46.10 17.75 133.40 34.66 7.75 1.27 0.72

orgC

orgC



Table 2 also reports the ages of the woodlands recorded in the NIWT calculated by taking the date of 

planting from the date of survey. These data were not available for all those sites with rotation 

information and change in carbon data. The woodlands in their first rotation had a significantly higher 

age than those in their second rotation (p-value < 0.001). The mean age of the woodlands under first 

rotation was 42 years, which indicates that most of the NSI records considered should have been 

classified as woodland on both the first and second sampling. Of the 34 sites in the first rotation class 

only four where not classed as under woodland at the first NSI sampling. Three of these sites had NIWT 

planting dates prior to the first NSI sampling so the land use classification at the time of original NSI 

sampling must have been incorrect – or the trees had not grown enough to be distinguished from the 

“upland grazing” land use class which was assigned. There was no relationship between age and rate 

of change of carbon observed directly using the 23 sites where both values had been observed. 

Fig. 3. Box-plots of the rate of change of soil organic carbon for the National Soil Inventory sites with 

management information grouped by woodland management type (1st = first rotation, 2nd and 

subsequent rotation, and historic) as classified by the National Inventory of Woodlands and Trees. 

3.2. Discussion 

Using a subset of the NSI resampled data and information from the NIWT a significant reduction in 

organic carbon content of the surface soil was detected in land under first rotation woodland – the 

other woodland categories considered (second rotation and historic woodland) showed no reduction 

(p > 0.05). There was not enough quantitative evidence in this analysis to reject the null hypotheses 

that the loss in organic carbon content for second rotation and historic woodland rotation classes 

were equal to 0. The trends observed align with earlier work by Wilson et al. (1997). In Wilson et al. 

(1997), the characteristics of soils in three ancient woods in UK were compared with woods planted 

more recently. The quantity of organic matter and carbon found in recent woodland soils, where 

cultivation preceded establishment, was less than the quantity observed in ancient woodlands. In a 

further study, Wilson and Puri (2001) compared the carbon content of ancient and semi-natural Scots 

pine forest with adjacent moorland and found that that forest soils had accumulated significantly 

more carbon than moorland soils and were a significant carbon sink (total quantities of soil carbon 

ranging from 21.5 kg m−2 (15 cm depth) to 46.1 kg m−2 (50 cm depth)). The combined results for these 
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studies seem to suggest that soils under second rotation and historic woodlands could be a more 

stable store of carbon than other land-uses. Further research should be conducted to ascertain the 

validity of this hypothesis.  

The organic carbon content of the surface layers of the soil is primarily determined by the balance 

between carbon input (e.g., litter fall and rhizodeposition) and the release of carbon by 

decomposition. The decomposition rate is a function of the quality of the carbon compounds (e.g., 

lignin compounds are more difficult to digest by the microbes and therefore have longer resilience 

than cellulose), site conditions (e.g., temperature, humidity) and soil properties (e.g., soil structure, 

pH) (Davidson and Janssens, 2006; Giardina and Ryan, 2000; Knorr et al., 2005; Liski et al., 1999; 

Trumbore et al., 1996).  

A review (Jandl et al., 2007) of European studies looking at the effect of tree species indicated that 

coniferous trees, with shallow roots, tended to accumulate more carbon in the organic litter layer but 

less in the underlying mineral soil than deciduous species. De Vries et al (2003) reported in a European 

study that the median soil carbon pools below pine and for woodlands (5.7-13.0 kg m-2) were similar 

to those below oak and beech woodlands (8.7-14.4 kg m-2). Similarly other studies (Vesterdal and 

Raulund-Rasmussen, 1998) have related greater carbon storage in the litter layers of coniferous forest 

to lower decay rates than in deciduous woodland. The level of soil organic content in woodland is also 

dependent on site conditions and, in the case of England and Wales, conifer forests were historically 

planted on “less productive” land (e.g., the uplands of Wales and Northern England) which tend to 

have higher soil organic carbon contents.  

This study has shown that, on average, the surface soil layers of coniferous forests within their first 

rotation lost soil organic carbon at the rate of about 2.7 g (kg yr)−1, which is a relative rate of about 

−2.2% per year (relative to the mean soil carbon content of 124.3 g kg−1; Table 3). However it should 

be noted that the mean content is derived from a sample where the value of Corg for first rotation 

woodland ranged from 1.45 to 468.5 g kg−1 . Fig. 4 depicts the relative rate of change of soil carbon for 

all first rotation sites, where the relative rate of change has been calculated relative to the soil carbon 

content of each site rather than 124.3 g kg−1 .  

Fig. 4. Histogram for the relative rate of change of carbon (%) (relative to the specific soil carbon 

content of each forest) across all sites (n = 31) under first rotation. Note that the average relative rate 

of change (relative to the existing average soil carbon content of 124.3 g kg−1 as reported in Table 2) 

is −2.2% per year. 



In a previous study, Kirk and Bellamy (2010) related the majority of the loss of soil carbon found across 

all land uses in England and Wales (Bellamy et al., 2005) to the residual effects of land use change that 

occurred before the original sampling. For example, arable land that was previously grassland or forest 

would continue to lose carbon for many years after the original conversion of land use. The land use 

before planting is not known for this study, but as stated above conifer forests tend to be planted in 

England and Wales on less productive land so the land cover was more likely to be pasture than arable 

crops. The net effect on organic carbon levels near the soil surface of changing land use from pasture 

to woodland in England and Wales is still a focus of debate. A global meta-analysis (Guo and Gifford, 

2002) indicated higher soil carbon levels under pasture than woodland, but this effect could be 

confounded by site and environmental effects. More recent measurements on long-term trials and 

experiments in the UK have demonstrated a decrease in soil organic carbon from tree planting on 

grassland (Upson et al., 2016), and some have shown the lack of a statistically significant effect 

(Beckert et al., 2016; Fornara et al., 2018). On mineral and organo-mineral soils in the UK, WCA 

Environment Ltd (2009) reported a net loss in soil carbon from permanent pasture to forest, but within 

the UK Greenhouse Gas Inventory, Brown et al. (2020) assume an increase in the equilibrium soil 

carbon density to 1 m depth with a move from grassland to forest land. A recent study using the 

Woodland Creation and Ecological Networks in the UK (Ashwood et al., 2019) found statistically similar 

levels of soil carbon under pasture and woodland, but there was a non-significant trend of lower 

carbon levels under young woodland which then turned to increasing carbon levels with time so that 

the largest carbon levels occurred under mature woodland.  

An initial decline in soil carbon below recently planted woodlands on grassland has been related to 

the process of tree planting disturbing the soil and leading to the mineralization of soil organic matter. 

Furthermore, litter fall can be low whilst trees are still developing their canopy, and the turnover of 

fine roots by recently established trees will be less than that found in a well-established pasture 

(Upson et al., 2016). Changes in the aeration of the soil due to tree planting may also be important 

(Upson et al., 2016), and a substantial movement of carbon from the litter layer to the mineral soil 

may only occur after several decades (Jenkinson et al., 1991; Paul et al., 2003). Some of the soil C may 

be lost due to leaching as dissolved organic carbon (DOC), especially because of the disturbance 

involved with the site preparation (Johnson et al., 1995). It is also possible that the carbon could be 

redistributed to deeper depths (Johnson et al., 1995) but we do not have the information required to 

investigate this further.  

Modelling of the effect of trees on soil carbon across seven sites in Australia (mean annual 

temperature = 10.2C to 20.4C) has been used (Paul et al., 2003) to show that in the first 10 years 

after planting the soil carbon reduces by on average 1.7% per year and is then predicted to increase 

by about 0.82% per year from then on. Assuming a nominal soil carbon content of 100 g at planting, a 

decrease of 17% in the first ten years followed by an addition of 8% in the next ten years would be 

equivalent to a decrease of 0.45% per year for the 20 year period. The model (Paul et al., 2003) was 

devised to represent the top 30 cm of soil whereas the data used in this study were measured in the 

top 15 cm of soil. In addition, conditions and management are different between Australia and the UK 

so a direct comparison with the results here is difficult.  

The observed loss of soil carbon due to afforestation has implications for the estimation of greenhouse 

gas (GHG) emissions from land use, land use change and forestry (LULUCF) at ecosystem level. In the 

UK the effect of afforestation is assumed to be a sink for GHGs (Ostle et al., 2009). The findings of the 

data reported here suggest that these assumptions need to be re-examined to ensure the loss of 

carbon from the soil is correctly represented in the figures and natural capital accountability is carried 

out accurately. The eventual increase in surface soil carbon levels as woodland is extended to a second 



or subsequent rotation is supported by the observation that there was not a significant decrease in 

the soil C of such woodlands. Whilst harvesting may result in some organic carbon loss, residues from 

the harvesting (e.g. roots and brash) could offset the decomposition due to the disturbance. The 

historic woodlands (which include ancient and long term woodlands) also showed no change in the 

carbon content of the soil surface.  

A confounding factor in the analysis of surface soil carbon levels under woodland is that the level of 

the soil surface can change. For example, under full canopy woodlands a deep litter layer can be 

created which in time may be recognized as soil. Hence it is theoretically possible for the carbon level 

in the surface layer to decrease whilst the overall carbon content of the soil increases because of the 

increased depth. An additional factor to consider is that the calculation of the soil carbon content 

requires the removal of fibrous tissue and roots. If the carbon content of roots and such fibrous matter 

is included, then it is possible that whilst woodlands may initially reduce the soil carbon content of 

previous pastureland, the overall stock of carbon may be similar or increase due to the presence of an 

increased mass of tree roots.  

The 20 historic woodlands where data have been collected for this study were measured over 

approximately the same interval of time as those in a Chinese study (Zhou et al., 2006) where large 

increases in soil carbon concentration were observed. The soil depth considered was similar (20 cm 

compared to 15 cm in this study) but the samples were all taken from a single 200 m × 400 m plot. In 

our study there were sites where large increases in soil C were observed – the maximum increase in 

carbon concentration measured was 5.83 g C per kg of soil per year (Table 2) over 10 times as much 

as that observed at the Chinese site (0.35 g C per kg of soil per year) demonstrating the limitations of 

using a single site to draw general conclusions. However, an extensive review of the capacity of old-

growth forests to act as a carbon sink (Luyssaert et al., 2008) covering over 500 plots demonstrate 

that, taken as a whole, oldgrowth forests can be a carbon sink – the above ground increase in carbon 

dominating any small increases or no change in soil C which is consistent with our results in terms of 

soil C. The average soil C in the historic woodlands was lower than the other rotation classes. Further 

studies should investigate the reasons for this: potential causes could be that the historic woodland 

includes coniferous, mixed and deciduous woodland whereas the majority of the first and second 

rotations are coniferous; or the historic woodlands had established in areas with inherently lower soil 

carbon contents. Data available for this study did not allow us to address this question.  

This study looked at those NSI meta-points that were classified as woodland during the re-sampling of 

soil carbon. However, it is possible that some NSI records located in woodland areas were excluded 

from the analysis due to the broad scope of the land use classes used by the NSI. For example, the 

“recreation area” in the NSI classification could well include woodland areas. Future NSI and NIWT 

surveys should ensure that a similar land use typology is used across institutions to enable a more 

comprehensive statistical analysis. The NSI land use classification also showed some inconsistencies 

with the NIWT classification. Some of these inconsistencies are probably the result of the NSI and 

NIWT data not being co-located in time; the date of assessment of the NIWT records was between 

1999 and 2003 whereas the second sampling of the NSI woodland sites took place in 2003. In this 

project, it was assumed that woodlands which were in their first rotation were sites where trees had 

been planted on ground not previously under woodland at some point before the second sampling of 

the NSI.  

4. Conclusions 

Analysis of data sampled over a period of about 20 years at NSI sites within forest plots has shown 

that at sites which are in their first rotation, which we assume were typically planted on grassland, 



had lower levels organic carbon in the surface soil layers in the second measurement than the first. 

By contrast the change in secondary and historic woodland was not significant. Such results would 

support modelling studies that predict an initial decline in soil carbon (which excludes carbon stored 

as roots or leaf litter) when planting trees on pasture. Because the mean age of the first rotation stands 

was 40 years, the observed negative effect of tree planting on the organic carbon level of the soil 

surface could take longer than the 30 years to reach equilibrium suggested by a modelling study (Paul 

et al., 2003). 
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