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Abstract 14 

Objectives. This study examines the influence of tree species in relation to biomass and soil C dynamics in 15 

plantations established on former pasture land. Data on the C sink capacity of such plantations will provide 16 

valuable information for designing improved management strategies for afforestation programmes aimed at 17 

mitigating CO2 emissions. 18 

Methods. The study was carried in the temperate forest of southern Europe, one of the most productive timber 19 

production systems in Europe. The study, designed to control most of the variability at regional level, involved a 20 

network of 120 paired plots (former pasture land-new plantations of different ages) established to construct three 21 

well-replicated chronosequences of the most common tree species in humid temperate systems. 22 

Results. The mean rates of C sequestration (biomass and soil) estimated throughout the rotation ranged between 23 

8.7 and 14.6 Mg C ha-1 yr-1 (Eucalyptus nitens > Eucalyptus globulus > Pinus radiata), and the contribution of 24 

the soil (forest floor plus mineral soil) ranged from 8 to 18 % (Eucalyptus nitens > Pinus radiata > Eucalyptus 25 

globulus). The humid temperate climate and the sandy loam texture of the soils favoured large losses of SOC 26 

from the uppermost mineral soils during the 10 yr after afforestation. The higher loss of SOC in the Pinus 27 

radiata soil (26% of initial SOC) than in the Eucalyptus soil (19.45% of initial SOC) was attributed to the lower 28 

transfer of organic C to the mineral soil, as a result of the lower litter decomposition rate and the lower 29 

belowground litter input from associated vegetation. The rapid development of tree biomass favoured the 30 

subsequent C sequestration in biomass and soils. 31 

Conclusion. The C sink capacity of forest plantations can be maximized by elongating the rotation length and 32 

adopting suitable management strategies for each species. This is especially important in intensive forest 33 

plantations in which the high intensity of harvesting may prevent accumulation of SOC in the long term. 34 

*Revised version without track changes
Common.Links.ClickHereToDownload

mailto:cesar.cruzado@usc.es
http://www.editorialmanager.com/plso/download.aspx?id=198976&guid=b845c7f1-3c51-4b4e-840c-25bf45640b00&scheme=1


 2 

Keywords: Eucalyptus, Pinus radiata, pasture, afforestation, tree biomass, forest floor, soil 1 

organic matter 2 

Introduction 3 

The change in land use that is taking place in many areas of the world has a major 4 

impact on the world’s terrestrial carbon (C) balance and is therefore a key factor in the 5 

mitigation of climate change (IPPC 2007). In the tropics, extensive areas of primary forest are 6 

being converted to agriculture land to meet the current food demand. However, in Europe, 7 

North America and Russia, traditional agriculture practices have been abandoned and large 8 

areas of cropland and pasture land are being transformed to forests. In Europe, this process 9 

has been favoured by the grant scheme for promoting reconversion of agricultural land to 10 

forest (EU 1992), with the aim of reducing surplus agriculture production (Stanturf and 11 

Madsen 2002), although at the same time it may have contributed to enhancing the C sink 12 

capacity of terrestrial ecosystems.  13 

The rate of accumulation or loss of soil organic carbon (SOC) following land use 14 

change is governed by the balance between C inputs and C decomposition rates. This balance 15 

becomes negative as the intensity of land management increases from forest to grassland to 16 

cropland. However, the magnitude and progress of the changes in C contents following 17 

changes in land use are highly variable because of the influence of different factors, such as 18 

net primary production and rooting patterns (Jobbágy and Jackson 2000), quality of organic 19 

inputs (Berg 2000), certain soil properties (nutrient availability, texture (Golchin et al. 1994; 20 

Mendham et al. 2003)) and the intensity of past and present management (Balesdent et al. 21 

2000). 22 

Although the conversion of natural forest land to cropland produces clear and rapid 23 

losses of biomass C and SOC (Bashkin and Binkley 1998; Paustian et al. 2000; Post and 24 

Kwon 2000; Schimel 1995; Schlesinger 1986; Smith et al. 1993; Vitorello et al. 1989; Walker 25 

and Desanker 2004), the effect of the opposite change in land use on SOC is slower, and C 26 

recovery is not universally observed, at least in the short term. Nevertheless, data on the 27 

changes in SOC following conversion of forests to pasture are widely variable, and while 28 

some authors observed reductions in SOC of 20-30% (Detwiler 1986; Glaser et al. 2000; 29 

Guggenberger and Zech 1999; Rhoades et al. 2000; Veldkamp 1994), others did not find 30 

significant changes (Bell et al. 1995; Corre et al. 1999; Mendham et al. 2003; Reiners et al. 31 

1994) and yet others reported increases (Fearnside and Barbosa 1998; Lugo and Brown 1993; 32 
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Neill et al. 1997). Murty et al (2002) and Guo & Gifford (2002) carried out a meta-analysis 1 

worldwide, and reported that conversion of forest to uncultivated grazed pasture land does not 2 

generally lead to loss of SOC, although losses or gains may be derived from the application of 3 

fertiliser or removal of plant residues. This demonstrates the great potential of pastures to 4 

sequester SOC, mainly because of the large inputs of C via herbaceous root litter (Guo et al. 5 

2007), which may lead to more C accumulation in upper mineral soil than in forests (Jackson 6 

et al. 2002). 7 

There is great uncertainty about the changes in SOC associated with afforestation of 8 

pasture land, because of the high SOC content of the latter. Afforestation of this type of land 9 

usually leads to decreases in SOC in the short or medium term (Laganière et al. 2010; Poeplau 10 

et al. 2011), and sometimes no variations are observed in the long term (Marín-Spiotta et al. 11 

2009; Poeplau et al. 2011). This becomes more important when the species used in 12 

afforestation are fast growing species with a short rotation length, in which recovery of initial 13 

SOC losses may not occur by the end of the rotation. Some authors have suggested that this is 14 

a temporary effect, in which only the labile C pool is exhausted (Cerli et al. 2008; Huang et 15 

al. 2011a). However, it is not clear whether these initial losses are compensated in pastures 16 

afforested with fast growing species.  17 

The C balance after afforestation is greatly affected by the tree species, as a result of 18 

differences in growth rates of the trees. In addition, litter production and litter quality, which 19 

are greatly influenced by tree species, have a strong influence on the SOC dynamics (Berg 20 

2000; Vesterdal et al. 2008). However, since most of the current knowledge is based on 21 

studies of afforestation with coniferous species (Berthrong et al. 2009), the influence of the 22 

tree species on SOC dynamics has not yet been accurately evaluated. 23 

In studies that have attempted to evaluate the effect of tree species on afforested land, 24 

the differences in SOC dynamics are attributed to the influence of the different turnover rates 25 

of the litter (Vesterdal et al. 2008), the cover and type of ground vegetation (Lemma et al. 26 

2006), or both (Huang et al. 2011a; Kasel et al. 2011; Paul et al. 2002). The influence of N-27 

fixing tree species has also been recognized (Kasel et al. 2011; Nilsson and Schopfhauser 28 

1995), as a higher yield in poor soils leads to higher OM inputs to the soil, and also improves 29 

litter quality and the speed of decomposition of OM (Conteh et al. 1997). Recent studies have 30 

shown that these different sources of litter inputs can even lead to changes in the SOM 31 

composition (Huang et al. 2011a). 32 

The capacity of the soil to act as a C sink is also influenced by how rapidly the litter 33 

converts C into humus (e.g. Kanerva and Smolander 2007; Prescott 2010; Silver et al. 2004). 34 
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The decomposability of the litter not only depends on its chemical composition, but also on 1 

microclimatic conditions determined by the different canopy development and stand structure. 2 

Moreover, the same microclimatic conditions have a direct influence on the cover and type of 3 

ground vegetation, which in turn alters the amounts, composition and type of litter (Berg et al. 4 

2009; Ostertag et al. 2008). This is particularly important because roots incorporate more C 5 

into the soil than forest floor material (Jones et al. 2009). Thus, ground vegetation dominated 6 

by grass species incorporates C rapidly into soil organic matter because the root system 7 

develops quickly (Andrade et al. 2008; Laungani and Knops 2009). 8 

The silvicultural parameters most closely related to SOC dynamics are: tree species, 9 

site preparation techniques, initial stocking, rotation length and other parameters more 10 

specific to each type of tree species management (pruning, clearcuting, thinning, application 11 

of fertilizer, etc.) and autoecology. These aspects have been discussed by Jandl et al. (2007) 12 

and, in the case of the species considered here, by Balboa-Murias et al. (2006). In addition to 13 

management practices, a comprehensive representation of the entire forestry sector system 14 

should be considered, taking into account the C pools and fossil fuel substitution, although the 15 

latter pool has not been considered in the international agreements on reduction of emissions 16 

(UNFCCC 2002). All of these factors are particularly important in fast growing tree species, 17 

in which short rotations and harvesting of logging residues may prevent accumulation of SOC 18 

in the long term (Huang et al. 2010b). 19 

Most studies concerning the effect of different species and types of management on C 20 

sequestration in afforested land have compared the C stocks in several pools in pasture land 21 

and forest plantations in the steady state, rather than considering the dynamic changes that 22 

take place. In many cases, the shifts in key parameters throughout the rotation, such as tree 23 

growth, stand structure, associated vegetation and forest floor development are not 24 

considered. Thus, the temporal dynamics not only provide an understanding of the different 25 

mechanisms of C sequestration after afforestation, but are also useful for designing the most 26 

appropriate type of management to maximize the C sink capacity. 27 

Most approaches evaluating the capacity of soils as C sinks focus on plot level, and few 28 

studies have been extended to landscape levels (Conant et al. 2003; Johnston et al. 1996; 29 

Turner and Lambert 2000). Such studies show the high degree of variability in the SOC 30 

dynamics following afforestation, even under rather homogeneous conditions. This high 31 

variability emphasizes the risk of making erroneous conclusions about SOC dynamics when 32 

the experimental design does not take this variability into account (Berg et al. 2009). A 33 

correct methodology must ensure adequate sampling replication at plot level, and proper 34 
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sample analysis to take into account most of the variability for extrapolation of the results of 1 

plot level studies to a larger scale (Goidts et al. 2009). Methodological procedures for 2 

quantifying the changes in SOC after afforestation are: i) paired sites, ii) chronosequence 3 

studies, iii) multiple re-sampling, and iv) process and modelling studies (Turner and Lambert 4 

2000).  5 

Chronosequence studies use a series of plots in plantations of different ages with 6 

supposedly similar management regimes and environmental conditions, and translate spatial 7 

differences between soils into temporal differences (Huggett 1998). Although the 8 

chronosequence approach cannot replace long-term field experiments, there are certain 9 

disadvantages with the latter, such as the delay in obtaining results, workload and particular 10 

trends in external parameters (i.e. climate and local conditions), which may cause a systematic 11 

bias in the observations. The paired-plots approach is an alternative method in which one of 12 

the paired plots represents the initial conditions. Because of the high spatial variability in 13 

SOC measurements (Conant et al. 2003; Johnston et al. 1996; Turner and Lambert 2000), the 14 

combined use of chronosequences and the paired-plots approach may provide a suitable way 15 

of detecting changes in soil pools, and of correcting local tendencies.  16 

The objectives of the present study were: a) to examine the influence of tree species on 17 

the C dynamics in the forest system (tree biomass, forest floor and mineral soil) following 18 

afforestation of pasture land, b) to explore the relationships between tree biomass 19 

development and forest floor and SOC dynamics in three forest plantations established on 20 

former pasture land, and c) to evaluate the C sink capacity of the different types of plantations 21 

in relation to management. A specific design combining chronosequence and paired plot 22 

approach (afforested subplot and pasture subplot) was applied to provide accurate information 23 

on C dynamics in the different tree species planted. The design was applied to temperate 24 

forest plantations of southern Europe, one of the most productive timber production systems 25 

in Europe, where important afforestation processes may play an important role in mitigating 26 

CO2 and other GHG emissions. The data obtained in this study will provide valuable 27 

information about the effects of such afforestation programmes on C sink capacity.  28 

Materials and methods 29 

Site description and experimental design 30 

The study was carried out in Galicia (NW Spain), in an area of 7000 km
-2

 representative 31 

of the Atlantic-climate zone of northern Spain. The 20 year annual average rainfall in the area 32 
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is 1378 mm (range 884-2107 mm), and the temperature, 12.1ºC (range 10.3-14.8ºC). The 1 

wettest month is November, with an average rainfall of 160 mm, and the driest August, with 2 

44 mm. The lowest mean monthly temperature 7.1ºC occurs in January, and the highest 3 

18.2ºC, in August. The soil humidity and temperature regimes are Udic (mean period with 4 

partial drought, 1 month) and Mesic (mean frost-free period, 10 months), respectively. The 5 

soils were developed from granitic rocks, schist and shale, and classified as Humic or Distric 6 

Cambisols and Alumi-humic Umbrisols (IUSS Working Group WRB 2006). The soil has a 7 

loam or sandy loam texture and is well drained. 8 

The average values for selected characteristics of the afforested plantations studied are 9 

shown in Table 1. The observed range of site qualities was higher than in plantations 10 

established on former forest soils, probably because of the better quality of the soils (soil 11 

depth, stoniness, higher water supply) and prior fertilization. A network of 120 paired plots, 12 

made up of 120 pasture subplots adjacent to 120 afforested plantations in former pasture 13 

plots, was established. The plots were distributed in three sets of 40 plots planted with the 14 

most commonly used species in the area: Eucalyptus globulus Labill, Eucalyptus nitens 15 

(Deane & Maiden) Maiden and Pinus radiata D. Don. Each set was an independent 16 

chronosequence in which the range of ages covers the usual rotation lengths applied to these 17 

plantations, thus enabling conclusions to be reached as regards the effects of the single-stem 18 

rotation following land use change: 1-23 years for E. globulus, 2-18 years for E. nitens and 2- 19 

40 years for P. radiata chronosequence respectively.  20 

In all cases the prior use was as pasture land, in which low intensive management was 21 

applied for at least 25 years (according to the landowners), and some of which has recently 22 

been afforested. When the fertility levels were adequate, the plots were dominated by a 23 

mixture of Lolium multiflorum, Lolium perenne, Trifolium pratense, Trifoliun repens and 24 

Dactylis glomerata, although as the time since last perturbation increased, D. glomerata, 25 

Agrostis capilaris and Holcus lanatus became more predominant. The pastures are normally 26 

harvested for silage 1-2 times a year, and grazed once or twice a year. They are usually 27 

renewed every 8-10 years by rotovating to a depth of 20 cm. In all cases, afforestation was 28 

carried out after ripping at 50 cm depth and planting along the row, so that soil disturbance 29 

was considered low. No fertilization or weed control was carried out in the plantations. The 30 

pastures were selected so that time since last tillage was more than four years. Two 31 

dimensional restrictions were applied to the pairwise land uses selected: a minimum size of 32 

each grassland and afforested plantation of 0.5 ha, and stands where a 50 x 50 m square plot 33 
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could be established 30 m inside the other land use border for both pasture and forest, to avoid 1 

the edge effect.  2 

To ensure that all sites were similar as regards soil type and land use, selection of the 3 

study sites was based on direct observation of the terrain in adjacent pastures, and 4 

consultations with local landowners. The plantation age was established using an increment 5 

borer to sum the ring number for P. radiata and E. nitens, which was clearly visible and easy 6 

to assign to yearly growth periods, and considering the planting date declared by the owner to 7 

the Forestry Administration for E. globulus. 8 

Similar forest management regimes, in terms of site preparation, source of seedlings, 9 

and pruning and harvesting regimes, were applied in all afforested stands. Stands of E. 10 

globulus were located in coastal areas at altitudes below 300 m.a.s.l., whereas E. nitens and P. 11 

radiata stands were located in the inner area, generally between 300 and 500 m.a.s.l. The only 12 

theoretical difference assumed among plots, within a given tree species, was therefore age 13 

since afforestation.  14 

C determination in aboveground tree biomass  15 

For determining C density (Mg C ha
-1

) in aboveground biomass, diameter at breast 16 

height (to the nearest cm) and total height (to the nearest dm) were measured in all trees in 17 

circular plots of radius 10 m. Dry weight of aboveground biomass was estimated using the 18 

equations proposed by Merino et al. (2005) for E. globulus, by Pérez-Cruzado and Rodríguez-19 

Soalleiro (2011) for E. nitens, and by Balboa-Murias et al. (2006) for P. radiata 20 

chronosequences. The C concentrations in each biomass fraction were those reported by the 21 

latter authors, except for E. nitens, for which the values reported by Pérez-Cruzado et al. 22 

(2011) were used. 23 

Soil sampling and analysis 24 

For sampling the soil (forest floor and mineral soil to 30 cm depth), a 20 m diameter 25 

plot was established within each stand, at a distance of more than 30 m from the edge of the 26 

stand. Five samples per plot were taken from between tree rows to minimize any disturbance 27 

from the site preparation. The forest subplots were the same as established for C 28 

determination in aboveground biomass.  29 

For sampling the forest floor, 0.3 x 0.3 m squared frames were thrown at random within 30 

each plot, on 5 occasions. Samples of forest floor were collected avoiding removal of the 31 

mineral soil, and dried at 40ºC until constant weight. The C contents in the forest floor were 32 
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measured for E. nitens stands (47.9 %C), whereas already published data were used for E. 1 

globulus and P. radiata stands (48.7 and 46.9 %C respectively, Merino et al. (2005)). 2 

For mineral soil, three soil layers were collected at depths of 0-5, 5-15 and 15-30 cm at 3 

the same sampling points as for forest floor. The first two correspond to the A horizon, and 4 

the deepest layer A2, AB or BA. Sub-samples of the mineral soil layer were collected with a 5 5 

x 20 cm steel corer, and were combined to form one bulk sample per plot. These samples 6 

were oven-dried at 40ºC, sieved at 2 mm and the stoniness was determined. In the fine soil 7 

fraction, total C and N were analyzed with a LECO Elemental analyzer, and soil particle 8 

analysis in the upper 15 cm was performed by laser diffractometry, with a Mastersizer 2000 9 

diffractometer.  10 

At each sampling point, five soil core were collected with a 100 cm
3
 metal cylinder, 11 

and were oven-dried at 105ºC and weighed to determine the bulk density, following the 12 

methodology of Blake and Hartge (1986). The C content in each layer was determined by 13 

equation (1), where CD is the C density in each layer (Mg ha
-1

), CC is the C concentration in 14 

each layer (as a fraction of unity), Db is the bulk density (g cm
-3

), T is the thickness of each 15 

layer (cm) and S is the stoniness (as a fraction of unity).  16 

  1001  STDbCCCD  (1) 

Evaluation of C sequestration in the forest system 17 

The amounts of C in aboveground biomass and forest floor were considered as net gain 18 

relative to pastures, and therefore only absolute values are reported or plotted against time 19 

since afforestation. For modelling of aboveground biomass C changes with time since 20 

afforestation, the Richards (1959) model was used to describe the relationship between 21 

aboveground biomass C (CW, Mg ha
-1

) and stand age (t, yr), shown in equation (2). The model 22 

for each species was fitted with the MODEL procedure of the SAS/ETS® system (SAS 23 

Institute Inc 2004). The root of mean square errors (RMSE) and adjusted determination 24 

coefficient (Adjust. R
2
) were calculated for each model fit.  25 

  3
210

btb

W ebC


  (2) 

Carbon sequestration in each mineral soil layer was evaluated in absolute terms as the 26 

difference between the forest subplot CDF and the pasture subplot CDP (C absolute difference 27 

CAD, Mg ha
-1

), and in relative terms as the difference in percentage of C density (C relative 28 

difference, CRD, % of initial C density), with equation (3). Both parameters were represented 29 
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in each plot against time since afforestation to evaluate the changes in soil C with time since 1 

afforestation.  2 

100



P

PF

CD

CDCD
CRD  (3) 

To describe changes in soil C over time, in previous studies on changes in mineral soil 3 

C after secondary succession, an empirical modelling approach including the gamma function 4 

was used successfully (Covington 1981; Zak et al. 1990). However, in the present study the 5 

changes were expected to follow a different pattern, as we hypothesized that the C 6 

equilibrium level is different in pasture than in afforested land, and the gamma is function 7 

biologically inconsistent in such cases, because it provides an asymptotic value equal to the 8 

intercept. Alternative models include more parameters than the gamma function, making 9 

convergence of the parametric model fit difficult, although this will depend on the amount of 10 

data available. In this case, parametric curve fitting procedures did not converge because of 11 

the large number of parameters needed to fit a model that adequately captures the apparent 12 

shape of the data. Thus, nonparametric fitting was carried out to describe the general trend in 13 

the changes in forest floor and mineral soils. The LOESS procedure in the SAS/STAT (SAS 14 

Institute Inc 2004) was used to divide residuals of the nonparametric curve into ten age 15 

intervals, and the 95% confidence levels were determined.  16 

Data were also analyzed by analysis of variance with the GLM procedure of SAS/STAT 17 

(SAS Institute Inc 2004). The model applied was: Yij=μi+Fij+εij, where Yij is the dependent 18 

variable value for species i and factor j, μi is the mean for species i, Fij is the effect of the 19 

factor j and εij is an error term. The dependent variables considered were CD, CRD, the initial 20 

C density, site index and texture variables. As they were not normally distributed, the data 21 

were transformed by normalized ranks before analysis. The factors considered were age 22 

classes, soil type (pasture or afforestation) and the position of the plot as regards the CD 23 

accumulation curve. The Tukey test was used to detect differences between means, 24 

considered significant at p<0.05.  25 

Results 26 

Changes in the C accumulated in biomass throughout the rotation 27 

Results of non linear fit of aboveground biomass C density are shown in Table 2. All 28 

parameters were significant at p<0.005, and the models explained most of the variation (with 29 
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reference to Adjust.R
2
 values). The average changes in the C accumulated in the tree 1 

aboveground biomass for the three tree species studied throughout the rotation are shown in 2 

Fig. 1. The tree growth rates followed the order E. nitens > E. globulus ≥ P. radiata. The three 3 

species continued accumulating C at high rates, even after the common rotation lengths in the 4 

region (10-16 years for both Eucalyptus and 30-35 years for P. radiata), which indicates the 5 

large potential of the biomass of these species as a C sink.  6 

 7 

Changes in C accumulated in the forest floor throughout the rotation 8 

The changes in the C accumulated in the forest floor (and mineral soil to depth 15 cm) 9 

for each of the three species are shown in Fig. 2. The average trends throughout the rotation 10 

were fitted by the nonparametric procedure described in Materials and methods. The three 11 

species showed different patterns as regards the dynamics and the amounts of C accumulated 12 

at the end of the rotation. Thus, in accordance with the higher growth rates of biomass, forest 13 

floor accumulation occurred earlier (2 yr after establishment) in E. nitens than in P. radiata 14 

and E. globulus (4-5 yr after forest establishment). The forest floor C accumulation rates 15 

followed the order: E. nitens > P. radiata > E. globulus. Forest floor accumulation was lower 16 

than expected in E. globulus stands, considering the high aboveground tree growth. The 17 

correlations between the changes in crown biomass and forest floor layer dynamics were 18 

different for each species, and were generally rather weak (n.s. for E. globulus; R
2
= 0.40 for 19 

E. nitens, and R
2
= 0.55 for P. radiata). 20 

Forest floor accumulation stabilized 10 years after afforestation by both Eucalyptus 21 

species, whereas it continued to increase in mature P. radiata plantations. At the end of the 22 

rotation, the average amounts of C in the forest floor ranged from 10.1 (E. globulus, 12 yr), to 23 

24.8 Mg ha
-1

 (E. nitens, 12 yr) and 50.9 (P. radiata, 35 yr).  24 

Changes in SOC in the mineral soils after afforestation  25 

The changes in SOC density relative to that of the paired pasture (CRD) in the mineral 26 

soil for each soil depth layer, considering each species separately and together, are shown in 27 

Table 3. In the first 10 years after afforestation, losses of C in the 0-15 cm layer were found in 28 

all three tree species, ranging between -52.0% in P. radiata to about -0.2% in both species of 29 

Eucalyptus in the first 5 years. However, the ANOVA only revealed significant changes in the 30 

0-5 and 5-15 cm soil layers under P. radiata, which emphasizes the high variability in the 31 

Eucalyptus stands. In the 11-15 yr period, the SOC contents were similar in afforested and 32 
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pasture soils for all species. Finally, in the stands older than 20 yr (only for P. radiata), the 1 

SOC contents were significantly higher in the uppermost soil layer (0-5 cm) than in the other 2 

layers. No such trend was detected in the 15-30 cm layer. 3 

The average mineral soil C density in pastures and afforested stands, grouped in age 4 

classes of 10 years and for the three mineral soil layers studied, are shown in Fig. 3. For direct 5 

comparison of the C densities in each soil depth, the value of each soil layer was divided by 6 

the corresponding depth (Mg ha
-1

 cm
-1

). The average SOC densities in pasture sub-plots were 7 

constant, since there were no significant changes in C densities over time for any of the 8 

species studied (p<0.001). Changes in CRD and CAD were therefore only due to changes in 9 

SOC densities in forest subplots, because C remained constant for a given soil layer in pasture 10 

land. There were no significant differences in the distribution of SOC across soil depth either 11 

between species or ages considered (p<0.001). Nevertheless, there were significant 12 

differences in P. radiata stands in the upper mineral soil layers, as previously reported.  13 

The mean changes in CAD and the 95% confidence levels in the 0-15 cm mineral soil 14 

(and in the forest floor) for each of the three species considered in this study throughout their 15 

respective rotations are shown in Fig. 2. For calculation of the average trends and confidence 16 

levels, the nonparametric procedure fitting described above was applied. This type of 17 

representation enables consideration of the variability in the data. Significant SOC losses 18 

were detected in the first 5-10 years after afforestation in P. radiata stands. The average 19 

losses amounted to -10.1 Mg ha
-1

 (for 95% of confidence level, between -7.1 to -13.0), which 20 

constituted an average loss of -24.1 % of the initial SOC (for 95% of confidence level, 21 

between 18.8 – 29.4 %). There were then large gains in soil C, coinciding with significant 22 

accumulation of forest floor, reflecting a change in the environmental equilibrium between 23 

decomposition and production. The average compensation age (the time at which the initial 24 

SOC content is recovered) was 20 yr (for 95% of confidence level, the data ranged from 14 to 25 

25 yr) and progressive gains occurred thereafter. Thus, at the end of the first rotation the mean 26 

gain in SOC in these mineral soils was +9.2 Mg ha
-1

 (for 95% of confidence level, between 27 

+3.8 and +15.0 Mg ha
-1

) relative to the pastures where they were established. 28 

In the Eucalyptus stands, the mean changes in SOC were rather different from those of 29 

P. radiata. Despite the high variability observed, a general trend was distinguished. The 30 

initial SOC losses started later than in the P. radiata plantations (Fig. 2), and although they 31 

were of lower intensity in terms of CRD (Table 2), the average CAD values were similar. In 32 

the E. nitens stands, in which the forest floor accumulation started earlier, the SOC levels 33 

remained rather close to the initial contents throughout the whole rotation, and losses were 34 
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slightly lower (-7.2 Mg ha
-1

 (values ranged from +0.1 to -15.2 Mg ha
-1

)). In E. globulus, a 1 

slight recovery appeared to occur at the end of the rotation, but the maximum losses for this 2 

species amounted to -9.8 Mg ha
-1

 at age 7 years (+2.0 to -23.8 Mg ha
-1

), leading to average 3 

losses of -9.2 % (+0.7 % and -19.1 %) of the initial SOC.  4 

 Levels of C accumulation in the soil throughout the first rotation were calculated 5 

considering the two soil pools jointly, forest floor and mineral soil to a depth of 30 cm (Fig. 6 

4). Net gains in C were observed from the beginning of the rotation in the soils under E. 7 

nitens, as a result of the large contribution of the forest floor in these stands. In contrast, 8 

significant gains were observed in E. globulus and P. radiata 8-9 yr after afforestation (Fig. 9 

4). In both Eucalyptus stands the soil C density stabilised 15 yr after afforestation, whereas in 10 

the P. radiata stands the soil C accumulation was still increasing after the usual rotation 11 

length (30 yr). Root biomass (including stump) was not considered in this study.  12 

To evaluate the effects of site characteristics on SOC dynamics after land use change, 13 

the plots were classified into two groups, according to whether the CAD was above or below 14 

the average non-parametric level, as shown in Fig. 2. No differences in site index were 15 

revealed by the unbalanced variance technique, although the greatest gains were 16 

systematically observed in stands with the highest site index values (Table 4). Nonetheless, 17 

there were significant differences in the initial C content between the upper and lower part of 18 

the curve for plots of both Eucalyptus species, in which the greatest losses in the mineral soil 19 

coincided with the highest initial C density, although this effect was not significant for P. 20 

radiata (Table 4). Although soil texture is known to affect SOC dynamics, there were no 21 

significant differences between the upper and lower part of the CAD curve for this parameter, 22 

nor any apparent trend, probably because of the high homogeneity among plots. 23 

The average C/N ratio in the pasture mineral soil (0-5 cm depth) was 12.4 (2.1, Std. 24 

dev.) and, as expected, this did not change with respect to the age of the paired afforested 25 

stands (data not shown). The C/N ratio in the P. radiata stands increased with age (R
2
= 0.3; 26 

p<0.05) reaching an average value of 18.2 at the end of the rotation, which differed 27 

significantly from the values in the pasture soils (p <0.01). In contrast, the C/N ratio in the 28 

soils under Eucalyptus did not differ from those in the paired pastures. 29 

Changes in C in the forest system throughout the first rotation after 30 

afforestation 31 

The average changes in C (Mg ha
-1

 yr
-1

) throughout the rotation, taking into account the 32 

aboveground tree biomass, the forest floor and the mineral for each of the three species are 33 
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shown in Fig. 5. In order to analyse the effect of the rotation length on the C sink capacity, the 1 

total amounts of C accumulated in aboveground tree biomass and the accumulation rates 2 

considering three possible rotation lengths for each tree species are shown in Table 5.  3 

The effectiveness of C sequestration followed the order: E. nitens > E. globulus ≥ P. 4 

radiata. The components accumulated C according to the following order: above ground 5 

biomass (94-96 %) > forest floor (3.4-10.8 %) > 0-15 cm upper soil mineral (0.17-0.96 %). At 6 

the end of each rotation the C accumulated followed the order: P. radiata > E. nitens > E. 7 

globulus.  8 

In all three species the ecosystem C accumulation rates kept increasing, even in the 9 

longest rotations (Table 5). The most important effect was found in the Eucalyptus stands in 10 

which the C sink rate increased by 2.0-3.3 Mg C ha
-1

 yr
-1

. Prolongation of the rotation length 11 

in these species also resulted in net C gains in the mineral soil.  12 

Discussion  13 

Experimental design 14 

The present study involved 120 paired plots (40 per tree species) in a geographical area 15 

of 7000 km
2
, which is rather homogeneous from the point of view of climate and soil 16 

properties for each species distribution considered. The experimental design, based on well-17 

replicated chronosequences combined with paired plots, enabled most of the variability and 18 

local conditions to be controlled, and average regional trends in the C dynamics for the three 19 

most common tree species used in afforestations in northern Spain to be determined. Despite 20 

the rather homogeneous environmental conditions, the variability in the C dynamics after 21 

afforestation was high, especially in the Eucalyptus chronosequences. Such high variability, 22 

which has also been reported in other studies at landscape scale (Conant et al. 2003; Johnston 23 

et al. 1996; Poeplau et al. 2011; Turner and Lambert 2000), emphasizes the risk of reaching 24 

wrong conclusions about SOC dynamics when the experimental design does not take into 25 

account most of the variability.  26 

Changes in C in aboveground biomass and forest floor 27 

The growth rates of the fast-growing tree species studied differed widely. The mean 28 

annual increments were higher than the productivity recorded for the plantations established 29 

on former forest soils in the region (Balboa-Murias et al. 2006). The enhanced growth is 30 

attributed to the greater depth and availability of nutrients and water in the pasture soils.  31 
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At the end of the rotation, the forest floor constituted between 3 and 11% of the forest 1 

system C pool. The C sequestration rates in the forest floor (0.9-2.9 Mg C ha
-1

 yr
-1

) were 2 

considerably higher that those reported for Central Europe and Scandinavian Countries ((Berg 3 

et al. 2009; Vesterdal et al. 2002) lower than 0.5 Mg C ha
-1

 yr
-1

) and lower than in tropical 4 

forests (Ostertag et al. (2008), 5 Mg C ha
-1

 yr
-1

). 5 

The different forest floor accumulation rates associated with the three species only 6 

partly correspond to the tree growth rates. Thus, the high forest floor accumulation in E. 7 

nitens stands was possibly associated with the particularly high growth rate of this species 8 

(Fig. 1). However, forest floor accumulation was lower in the E. globulus stands than in P. 9 

radiata stands, despite the greater increase in biomass. Moreover, within the same species, the 10 

relationships between the changes in tree biomass and forest floor were weak, indicating that 11 

forest floor accumulation was also determined by other factors, such as decomposition rates 12 

or changes in ground cover.  13 

Thus, the lower forest floor accumulation in E. globulus may be due to the faster 14 

decomposition of Eucalyptus litter than of P. radiata litter, as recorded in the region (Alvarez 15 

et al. 2008) and elsewhere (Huang et al. 2011a; Lemma et al. 2007; Paul and Polglase 2004), 16 

and attributable to differences in the chemical composition of the litter. Litter decomposition 17 

in Eucalyptus may also have been enhanced by favourable microclimatic conditions. Light 18 

transmission is higher in Eucalyptus than in P. radiata stands, because of the arrangement of 19 

the leaves (González-Hernández et al. 1998), which probably leads to higher soil temperatures 20 

and more favourable moisture levels (Martius et al. 2004b). This may have promoted 21 

decomposer and macrofauna activities and thus higher decomposition rates (Martius et al. 22 

2004a). 23 

Nevertheless, some climatic effect can be confounded with species effects regarding 24 

forest floor C accumulation. With respect to species distribution, E. globulus stands are 25 

located at lower altitudes (lower than 300 m), where temperatures are less extreme, than E. 26 

nitens stands. Autumn litterfall peak occurs earlier in E. globulus than in E. nitens stands, and 27 

since forest floor samples were collected at the same time for all species (December-January), 28 

E. nitens forest floor C accumulation may have been overestimated. Moreover, the litter 29 

decomposition rate may also be affected by climatic differences associated with the 30 

distribution of E. globulus and E. nitens.  31 

With the exception of E. nitens stands, in which forest floor accumulation occurred very 32 

early on, in E. globulus and P. radiata stands, development of the forest floor coincided with 33 
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canopy closure (around 5 yr after establishment). This implied an increased input of litter, as 1 

well a lower mineralization rate as a consequence of shading.  2 

In addition to these factors, ground vegetation was rather abundant in these young 3 

plantations (3-8 Mg ha
-2

; Omil et al. (2007) and Carneiro et al. (2009)), but decreased steadily 4 

with the increased shading throughout stand development (Fernández-Núñez et al. 2010). 5 

Thus, canopy closure may have resulted in a sharp decrease in ground vegetation root 6 

turnover. This may have been greater under P. radiata because of the greater degree of shade 7 

provided by pines than by Eucalyptus (despite the usual tree density in the latter plantations). 8 

Thus, Omil et al. (2007) recorded a decrease of 50 % in the ground vegetation during the first 9 

10 yr after the establishment of a P. radiata plantation. On the other hand, the death of ground 10 

vegetation as a result of shading in P. radiata stands contributes to the forest floor depth. 11 

Higher litter production in association with the ground vegetation has also been reported 12 

elsewhere (Stendahl et al. 2010). 13 

Changes in C in mineral soil 14 

The plantations under study replaced pastures growing on soils with rather high SOC 15 

contents (74.8 Mg ha
-1

 to a depth of 30 cm, 27.7 Mg ha
-1

 Std. dev.), intermediate between 16 

croplands and natural forest soils in the region (Leirós et al. 2000; Merino et al. 2004). The 17 

high SOC contents are due to long use under low intensive management based on low 18 

intensity tillage and addition of slurry, lime and fertilizers, which enhance grass production 19 

and therefore root turnover. Other researchers have indicated the potential of grasslands to 20 

sequester SOC, in some cases at levels comparable to those in forests (Corre et al. 1999; 21 

Jackson et al. 2002). 22 

The data obtained in this study revealed important losses of SOC in the upper mineral 23 

soils during the first 10 years after afforestation, and subsequent gains, which may lead to 24 

recovery of the initial levels after 20 years. The maximum SOC losses in the first 10 years 25 

after afforestation in the upper 0-15 cm mineral soil layer were dependent on the tree species 26 

and constituted 4 - 38 % of the initial C contents. Such high losses are common in afforested 27 

grassland soils under humid temperate climates (Kirschbaum et al. 2008) and occur as a 28 

consequence of mineralization of the high content of the labile fraction in these soils, which 29 

was not compensated by decreased litter inputs from grass litter (Don et al. 2009; Huang et al. 30 

2011a). In some cases, they are caused by soil perturbation during site preparation work 31 

(Maillard et al. 2010; Turner and Lambert 2000). Although the soil was slightly perturbed as a 32 

result of site preparation in the present study (the proportion of disturbed soil was 13% with 33 
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respect to the total area of the plot), it must be considered that the C losses may have been 1 

underestimated because subsoiling lines were not sampled.  2 

No corrections were made for changes in bulk density, since SOCs were estimated for a 3 

constant volume rather than for constant weight. In the afforested sub-plots, the C density 4 

may have been underestimated as a result of considering a constant depth rather than a 5 

constant volume (Post and Kwon 2000; Mendham et al. 2003; Poeplau et al. 2011; Toriyama 6 

et al. 2011), as soil density was lower in afforested sub-plots than in pasture sub-plots in the 7 

three species considered, for the 0-5 cm soil layer (0.93 to 0.79, 0.85 to 0.79 and 1.0 to 0.84 8 

kg for E. globulus, E. nitens and P. radiata respectively). Since no changes in bulk density 9 

were detected in deeper soil layers, the degree of underestimation was not considered to be 10 

relevant. 11 

In addition to the favourable climatic conditions, the high SOC losses in these soils may 12 

also be caused by certain soil properties that favour the rapid turnover of SOM. The soils 13 

under study contained low percentages of clay (less than 20 %; the texture is sandy loam), 14 

which is dominated by minerals of low surface reactivity (kaolinite and oxides of Al and Fe). 15 

Therefore, the capacity of these soils to stabilize C in mineral-associated forms and in fine 16 

pores may be limited. Nevertheless, chemical stabilization due the saturation of Al and Fe in 17 

the cation exchange complex (Hobbie et al. 2007) should also be considered. Different studies 18 

have revealed that SOM turnover is usually rapid in the uppermost soil horizons, but takes 19 

longer as the soil depth increases (e.g. von Lützow et al. 2006). It is assumed that SOM 20 

stabilization mechanisms (physical inaccessibility to microorganisms and enzymes or 21 

interaction with mineral surfaces and metal ions) are less active in the uppermost layers of 22 

mineral soil than in deeper soil horizons (e.g. von Lützow et al. 2006).  23 

Similar patterns to those described above have been described in other studies (Table 6). 24 

These studies were selected to represent the same land use change as described in the present 25 

study, and to provide information enabling estimates in the short and long-term and at 26 

compensation age. In the short term (<20 yr), the average losses were similar to those 27 

observed in the present study. The average C compensation ages recorded in the present 28 

study, between 10 and 25 years, were within the most common range reported in the relevant 29 

literature (Table 6), although much longer compensation ages (80 yr) have been simulated in 30 

colder climates than described here. Moreover, greater (although highly variable) long-term 31 

gains than those observed here have been reported, although the time frame considered was 32 

longer than in the present study (Table 6). 33 
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The present results show that the subsequent gains in SOC took place after canopy 1 

closure in the stands. Significant C gains were only recorded in the 15 cm upper mineral soil 2 

layer. However, it is known that root turnover from trees can incorporate organic matter 3 

deeper than 30 cm (Brown and Lugo 1990; Jackson et al. 1996; Jobbágy and Jackson 2000; 4 

Trumbore et al. 1995), although C accumulation in root biomass was not taken into account 5 

here. The subsoil horizons were very variable (A2, AB, B), and the SOC contents were 6 

different, which may have prevented identification of any clear trends. 7 

Furthermore, within the same species, the SOC gains were slightly higher in the stands 8 

with higher site indices, which reflects the influence of the greater biomass production on 9 

litter production. Nevertheless, the effect of the site index was not able to be evaluated 10 

accurately, since site index was rather high in most cases. This aspect is of interest, as climate 11 

change is expected to change site index, and therefore net primary production, worldwide, and 12 

the effect on changes in SOC required further investigation because SOM decomposition is 13 

also expected to change, adding a degree of uncertainty as regards the final effect. Soil texture 14 

is one of the most important factors controlling SOC dynamics, and SOC increases with clay 15 

content in afforested soils (Mendham et al. 2003). The present study, however, did not 16 

identify any changes in the SOC dynamics attributable to soil texture, probably because the 17 

soils were rather homogeneous as regards this parameter. 18 

Influence of species 19 

The results of the present study revealed important differences in the SOC dynamics 20 

following afforestation, attributable to the tree species and the associated vegetation. 21 

Although SOC losses were always recorded after afforestation, in the soils under the two 22 

Eucalyptus species, losses were generally lower and the periods of loss were shorter. In the P. 23 

radiata stands there was clear net gain of SOC from 25 years onwards, because of the longer 24 

rotation. In both Eucalyptus stands, the compensation ages were close to the end of the 25 

rotation, which implies no net gains prior to cutting in most cases. Longer rotation in 26 

Eucalyptus may lead to positive SOC gains.  27 

Moreover, the variability in SOC in the earlier period (0-10 yr) was much higher in both 28 

Eucalyptus stands than in P. radiata (Fig. 2). This was probably due to the death of weeds and 29 

herbaceous species in the forest subplot because of shading, which leads to a lower C input to 30 

soils in the longer term in all plots, independently of the initial conditions. In the P. radiata 31 

plots (Table 4) there were no significant differences between the upper and lower part of the 32 

CAD curve (Fig. 2).  33 
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The different patterns in the SOC dynamics may be determined by the different SOM 1 

dynamics and litter turnover for the three tree species studied. Thus, it is possible that 2 

retention of herbaceous litter in both types of Eucalyptus stands prevented SOC losses during 3 

the first years after afforestation, as also suggested by Vesterdal et al. (2002), and Huang et al. 4 

(2011a). However, the differences in SOC may also be due to the different ground vegetation 5 

development in Eucalyptus and P. radiata stands, which affects the SOC via different 6 

mechanisms (Lugo and Brown 1993; Silver et al. 2004). In P. radiata plantations, the wider 7 

crown intercepting solar radiation exerts a negative influence on the ground vegetation (very 8 

large decreases in the ground vegetation occur from the 5
th

 year (Omil et al. 2007)) and 9 

probably also negatively affects litter decomposition. Thus, the higher losses of SOC 10 

observed in the young P. radiata plantations may be due to the lower transfer of organic C to 11 

the mineral soil, as a consequence of the lower litter inputs from the ground vegetation and 12 

the lower decomposition rate of the litter.  13 

The opposite occurs in the Eucalyptus plantations, in which the higher crown light-14 

transmission favours higher ground vegetation cover throughout the whole rotation, and with 15 

a high presence of grass species (González-Hernández et al. 1998; Silva-Pando et al. 2002). 16 

The different ground vegetation cover probably determined the amounts and the type of litter 17 

(aerial, root) in these plantations. Thus, the presence of grass in these young plantations 18 

resulted in greater belowground C inputs such as root biomass turnover and root exudates 19 

(Jones et al. 2009). Grass material is incorporated more rapidly than forest floor material into 20 

soil organic matter (Andrade et al. 2008; Laungani and Knops 2009). The lower losses of 21 

SOC in Eucalyptus soils may therefore be due to the higher inputs of litter from grasses in the 22 

ground vegetation, thus compensating for the initial losses of SOC following afforestation. 23 

Similar mechanisms has also been suggested by Lemma et al. (2006) and Huang et al. (2011a) 24 

to explain the greater SOC gains in soils afforested with Pinus patula and E. nitens, 25 

respectively. 26 

The C/N ratios in the mineral soil layer of the mature afforested soils under P. radiata 27 

increased throughout the rotation. This effect has also been reported in other studies (Giddens 28 

et al. 1997; Jug et al. 1999; Smethurst and Sadanandan Nambiar 1995; Ussiri et al. 2006), and 29 

is probably due to the increased influence of forest litter on SOM quality throughout the 30 

rotation. Thus, the C/N ratio of forest litter was 44.8 for Eucalyptus, and 62.6 for P. radiata, 31 

similar to that reported by McGroody et al. (2004) for broadleaf and coniferous species in 32 

senesced litter, whereas the C/N ratio in pasture litter was 22.4. The mineral soil C/N ratio 33 

clearly reflects a shift from organic input dominated by grass litter, to forest litter containing 34 
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greater amounts of recalcitrant biopolymers (resins, waxes, suberin and cutin-derived 1 

compounds (Chefetz et al. 2002; Otto and Simpson 2006)). The higher C/N ratio in the 2 

afforested soils may also be due to a lower presence of legumes in the understory vegetation 3 

(Corbeels et al. 2002) and to higher N immobilization in trees.  4 

The C/N ratio did not increase significantly with age in Eucalyptus stands, possibly 5 

because of the presence of more grass in the underground vegetation in these plantations. Soil 6 

analyses revealed the presence of more carbohydrates in the SOM in these mature stands, 7 

reflecting different sources of litter (possibly due to the input of root litter and root exudates) 8 

relative to the mineral soil under P. radiata, in which more recalcitrant compounds were 9 

identified (data not shown).  10 

Increasing the C sink capacity by tree species selection and management 11 

The data obtained in the present study show that of the species studied, E. nitens has the 12 

highest C sink capacity, followed by E. globulus and, very closely by P. radiata. The mean 13 

rates of C sequestration (biomass and soil) estimated in this study for the most common 14 

rotations (Table 5) ranged between 8.7 and 12.6 Mg C ha
-1

 yr
-1

 (average value for the three 15 

species, 10.9 Mg C ha
-1

 yr
-1

). Considering that the afforested area in northern Spain using 16 

these three species can be estimated as 135,000 ha for the period 1994-2006 (MAPA 2006), 17 

afforestation would have resulted in a sink of 1.2-1.7 Tg C yr
-1

 (average 1.5 Tg C yr
-1

), with 18 

respect to the Spanish CO2 emissions (101 Tg C in the year 2009, (MMAMRM 2010)). This 19 

indicates the significant contribution of afforestation to the mitigation of CO2 emissions, and 20 

also shows that selection of the tree species is a major factor influencing the C sink capacity. 21 

Prolongation of the rotation by 10 and 5 years for Eucalyptus and P. radiata 22 

respectively resulted in a C sequestration rate ranging between 10.9 and 14.2 Mg C ha
-1

 yr
-1

 23 

(average value for the three species, 12.7 Mg C ha
-1

 yr
-1

, Table 5), which implies a sink of 24 

1.6-2.3 Tg C yr
-1

 (average 1.7 Tg C ha
-1

 yr
-1

). These and previous results (Balboa-Murias et 25 

al. 2006; Diaz-Balteiro et al. 2009) show that in order to maximize the C sink capacity, 26 

plantations should be managed according to the optimal harvesting schedules for these 27 

species. In the present study, the data show that the C sink capacity of these plantations can be 28 

increased greatly by prolonging the rotation period.  29 

The selection of tree species and the harvest scheduling may also favour C gains in the 30 

soil. The contribution of the soil (forest floor plus mineral soil) to the overall C sequestration 31 

ranged from 8 to 18 % (in average, 15 %), which is similar to the inputs reported by De Vries 32 
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et al. (2006) and Woodbury et al. (2006), in Europe and United States, respectively and lower 1 

than those reported by Liski et al. (2002).  2 

Conclusions 3 

In this study an intensive sampling scheme was used to assess the C sink capacity of 4 

forest stands of the three species most commonly used in afforestation programmes in 5 

northern Spain. The high spatial variability in the different compartments illustrates the risk of 6 

reaching wrong conclusions about SOC dynamics when the experimental design does not 7 

cover most of the variability.  8 

The humid temperate climate resulted in C accumulation rates as high as 11-15 Mg C 9 

ha
-1

 in the total system in the first 20 yr, depending on the species and the rotation length. The 10 

results of the study show how selection of the tree species is a major factor influencing the 11 

post afforestation C sink capacity, affecting the amounts of C accumulated in both biomass 12 

and soil.  13 

The role of the tree species is particularly important during the first years after 14 

afforestation when the litter input from herbaceous vegetation may compensate for losses of 15 

SOC. The patterns of SOC dynamics differed greatly in relation to the different tree species 16 

used in the afforestation, and were determined by transfer of C to the soil via the roots of the 17 

ground vegetation, SOM decomposition, the turnover rate of the forest floor and its 18 

macrofauna-mediated incorporation at depth. Both root and forest floor turnover were lower 19 

in the P. radiata plantations than in the Eucalyptus plantations, which may explain the higher 20 

SOC losses during the first years after afforestation. 21 

The humid temperate climate, along with the lack of physically protected SOM (sandy 22 

loam texture of the soils) favoured important losses of SOC in the uppermost mineral soils 23 

during the first years.  24 

The study provides accurate information on the success of these afforestation 25 

programmes as regards CO2 mitigation. To enhance the C sink capacity, plantations should be 26 

managed according to optimal harvesting schedules for the species. Elongation of the rotation 27 

length led to larger C sink capacities in all three species. This is especially important in such 28 

fast growing plantations, in which harvesting in short rotations may lead to continuous loss of 29 

SOC.  30 
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FIGURE LEGENDS 18 

Fig. 1. Changes in total aboveground biomass C throughout the rotation. Continuous lines indicate the fitted 19 

Richards model; dotted lines are 95% confidence levels for the mean. E. nitens red; E. globulus green; P. radiata 20 

black. 21 

Fig. 2. Changes in carbon density accumulation (Mg ha-1) in the forest floor and mineral soils throughout the 22 

first rotation after afforestation. Dark shaded area: 95% confidence limits for 0-15 cm depth mineral soil (CAD); 23 

light shaded area: 95% confidence limits for the forest floor (n= 40 for each of the three species). 24 

Fig. 3. Changes in soil carbon density with time since afforestation for each soil depth. (n=40 for each species).  25 

Fig. 4. Changes in total soil C (forest floor plus 0-30 cm mineral soil) throughout the rotation for all three species 26 

considered. 27 

Fig. 5. Changes in the C density accumulation rate (Mg ha-1 yr-1) in aboveground biomass, forest floor and 28 

mineral soil (up to 15 cm depth) over time (n= 40 for each of the three species). 29 

 30 



 29 

TABLES 1 

Table 1. Main site characteristics (average and standard deviation) of the stands studied. 2 

    E. globulus E. nitens P.radiata 

Number of stands  40 40 40 

Age interval (yr) 1-23 2-18 2-40 

Stand density (trees ha-1) 1108 (309) 1011 (258) 1146 (410) 

Bedrock (Granitic rock /Schist-Slates) (n) 8 /32 5/35 25/15 

Site Index* (m) 23.3 (6.5) 15.3 (4.4) 24.8 (4.4) 

Altitude (m) 242 (173) 517 (63) 466 (115) 

Average annual temperature (ºC) 13.3 (1.0) 11.6 (0.5) 11.5 (0.8) 

Accumulated annual precipitation (mm) 1488 (377) 1434 (322) 1213 (219) 

*Reference ages for site index were 10, 6 and 20 years for E. globulus, E. nitens and P. radiata respectively.  3 

 4 

Table 2. Aboveground biomass carbon model parameters and fits for age since afforestation.  5 

Specie 
Parameter estimate (Std. error) 

RMSE Adjust. R
2
 

b0 b1 b2 

E. globulus 520.3 (6.23) 0.0589 (0.0021) 2.356 (0.0325) 3.0331 0.718 

E. nitens 784.1 (10.41) 0.0393 (0.0013) 1.815 (0.0218) 2.1483 0.835 

P. radiata 1569.5 (13.75) 0.0126 (0.0008) 1.466 (0.0201) 4.3544 0.788 

 6 

Table 3. Average values (and standard deviations) of relative difference in carbon density (CRD, %) considering 7 

all species jointly (n= 120), and each species separately (n=40). Significant differences for a given soil depth are 8 

indicated by different letters. 9 

 
T (years) 

Mineral soil layers (cm) 

 0-5 5-15  15-30 0-15 0-30 

E. globulus 0-5 -4.1 (17.8)   12.3 (43.6)   28.4 (46.4)   -0.1 (22.0)  13.4 (37.6)  

 6-10 -9.4 (34.8)  -9.0 (45.1)  -4.1 (57.9)  -9.2 (39.6)  -8.4 (43.6)  

 11-15 5.4 (45.4)  19.2 (110.4)  4.7 (84.2)  6.8 (66.5)  6.9 (72.7)  

 16-20 8.7 (30.0)  -0.1 (38.7)  -2.5 (42.8)  3.2 (24.3)  -1.4 (30.2)  

E. nitens 0-5 -3.1 (18.5)   13 (34.8)   19.6 (37.4)   -0.3 (24.6)  8.0 (27.9)  

 6-10 -6.0 (29.8)  3.4 (41.7)  -17.3 (46.8)  -1.4 (26.1)  -8.6 (31.9)  

 11-15 -8.9 (22.4)  -6.3 (29.5)  5.0 (62.8)  -8.9 (21.6)  -4.5 (33.7)  

  16-20 29.9 (71.6)   -12.3 (13.8)   -28.2 (20.2)   6.6 (39.9)  -7.4 (26.0)  

P. radiata 0-5 -51.3 (18.6) a -52.8 (16.5) a -5.3 (29.5)  -52.0 (16.7) a -34.1 (17.3) a 

 6-10 -23.6 (29.4) ab -23.4 (13.1) ab -4.5 (18.8)  -24.1 (10.6) ab -17.1 (9.0) ab 

 11-15 -14.3 (41.8) ab -16.8 (30.9) ab -13.8 (31.0)  -15.6 (32.6) ab -16.0 (29.7) ab 

 16-20 32.5 (65.2) bc -4.4 (28.8) bc 4.6 (47.3)  4.6 (31.4) bc 3.7 (32.6) ab 

  >21 28.4 (29.3) bc 13.4 (28.7) bc 10.1 (50.5)   18.9 (23.2) cd 14.7 (27.8) b 
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Table 4. Average values (and standard deviations) for soil texture, site index and carbon concentration for the 2 

upper and lower part of the carbon density accumulation curve (Fig. 2). Different letters indicate significant 3 

differences (p<0.01) 4 

 
Position 

Texture Site Initial carbon concentration (%) 

 Clay (%) Sand (%) Index (m) 0-5 cm 5-15 cm 15-30 cm 

E. globulus 
Upper 15.37 (5.3) 42.77 (14.2) 23.6 (7.1) 4.95 (2.2)a 2.92 (1.5)a 2.53 (1.2)a 

Lower 12.11 (5.3) 50.92 (11.1) 23.1 (6.0) 6.67 (2.1)b 5.08 (1.7)b 4.09 (1.4)b 

E. nitens 
Upper 11.74 (5.7) 44.82 (12.7) 16.1 (4.2) 5.51 (2.8) 3.58 (1.4)a 2.88 (1.2)a 

Lower 12.56 (6.7) 44.98 (18.6) 14.4 (4.6) 6.86 (2.3) 5.62 (2.3)b 4.31 (2.0)b 

P. radiata 
Upper 8.48 (3.8) 57.19 (10.5) 25.4 (4.5) 3.95 (1.0) 3.13 (0.8) 2.43 (0.5) 

Lower 10.77 (5.4) 50.40 (13.7) 24.3 (4.3) 4.12 (1.1) 3.35 (0.5) 2.37 (0.6) 

 5 

 6 

Table 5. C accumulation in aboveground biomass, forest floor and mineral soil (0-15 cm) considering three 7 

possible rotation lengths. 8 

 
C pool 

E. globulus E. nitens P. radiata 

 10 yr1 15 yr2 20 yr3 10 yr1 15 yr2 20 yr3 30 yr1,2 35 yr3 

C accumulation rate Biomass 7.73 9.87 10.93 10.19 12.04 13.00 9.61 9.89 

(Mg ha-1 yr-1) Forest floor 1.18 0.90 0.87 2.92 2.17 1.51 1.62 1.49 

 Mineral soil -0.24 0.17 0.18 -0.56 -0.05 0.05 0.28 0.27 

 Total 8.67 10.94 11.98 12.55 14.16 14.56 11.51 11.65 

C accumulation Biomass 77.3 148.0 218.6 101.9 180.6 260.0 288.3 346.1 

(Mg ha-1) Forest floor 11.8 13.5 17.3 29.2 32.5 30.2 48.5 52.3 

 Mineral soil -2.4 2.6 3.6 -5.6 -0.7 1.0 8.4 9.5 

 Total 86.7 164.1 239.5 125.5 212.4 291.2 345.2 407.9 

1, 2 Most common rotation lengths in afforested agricultural land in the region; 3 Long rotation  9 

 10 

 11 

 12 

 13 
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Table 6. Changes in upper mineral soil carbon after land use change from agriculture to pasture to forest reported in several reference studies. For the values obtained in the 1 

present study: short term and long term effects show the average and the range of values provided by LOESS analysis. The range of compensation age (Pinus radiata) and the 2 

CRD compensation age are also shown. 3 

Source Species 
Reference 

land use 

Forest  

type 
Approach 

Mineral 

soil dept 

(cm) 

SHORT TERM 

EFFECT 

COMP. 

AGE 

LONG TERM 

EFFECT 

age 

(years) 

effect (years) age 

(years) 

effect 

Zak et al. (1990) Quercus ellipsoidalis A S CH 0-10 8-9 -31% 20 40 +35% 

Johnston et al. (1996) Five forest types A S CH 0-10 5-10 -10% 20 40 +40% 

Giddens et al. (1997) Pinus radiata P PL PP 0-10 - - 16-242 - - 

Bashkin & Binkley (1998) Eucalyptus saligna A PL PP 0-10 - - 10-13 - - 

Richter et al. (1999) Pinus taeda A PL LT 0-7.5 6-10 -18% 16-18 35 +22% 

Ross et al. (1999) Pinus radiata P PL PP 0-10 19 -13% - - - 

Jug et al. (1999)1 
Populus spp; 

Salix viminalis 
A, P PL LT 0-5 7-10 +50% - +17% - - - 

Turner & Lambert (2000) Eucalyptus grandis P PL PP, CH 0-10 15 -40% - 35 -40% 

Vesterdal et al. (2002) Quercus robur;  

Picea abies A PL CH 0-25 5-10 -15% - 29 -28% 

Hooker & Compton (2003) Pinus strobus P S CH 0-20 - - - 115 0% 

Ussiri et al. (2006) Casuarina spp. P PL PP 0-10 10 -16% - - - 

 Robinia pseudoacacea P PL PP 0-10 10 -11% - - - 

Thuille & Schulze (2006) Picea abies P PL CH 0-50 15-60 -30% 803 112-93 
+0.24- +0.34 

MgC ha-1 yr-1 

Morris et al.(2007) Coniferous spp. A PL PP 100 - - - 65 +24.7% 

 Deciduous spp. A PL PP 100 - - - 65 +35.6% 
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This study Eucalyptus globulus P PL CH 0-15 8 -22.2% 

(-52.0%-+2.7%) 

124 

(-15.7%-+21.7%) 21 

+10.8% 

(+2.0%-+24.2%) 

 Eucalyptus nitens P PL CH 0-15 11 -16.7% 

(-34.7%-+0.2%) 

164 

(-15.5%-+18.8%) 18 

+2.2% 

(-15.6%-+18.8%) 

 Pinus radiata P PL CH 0-15 5-13 -26.0% 

(-34.4%--17.0%) 

17 (14-25)5 

(-21.4%-+27.9%) 34 

+23.5% 

(+10.6%-+37.4%) 

Where: A, agriculture; P, pasture; S, secondary succession, PL, plantation; CH, chronosequence; PP, paired plots; LT, long term study.  1 

1 Fertilized short rotation plantations. 2 

2 For 60% of the studied sites. 3 

3 Obtained from simulation model. 4 

4 Compensation age for the average value;  5 

5 Compensation age for the 95% confidence interval 6 


