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a  b  s  t  r  a  c  t

Afforestation  of agricultural  land  to mitigate  climate  change  and  other  environmental  degradation  has
been  increasingly  implemented  around  the  world.  However,  the  effects  of  afforestation  on  soil carbon
and particularly  nitrogen  content  remain  unclear.  We  conducted  a  hierarchical  Bayesian  meta-analysis
of  published  data  on  the  effects  of  afforestation  of pastures  on  soil  carbon  and  nitrogen  stocks  in a
Mediterranean  climate.  We  found  no evidence  for  substantial  changes  in soil  carbon,  nitrogen  or  C:N
ratio  across  three  decades  of  afforestation.  However,  a lack  of data  on  the  carbon  content  of the  lit-
arbon:nitrogen ratio
ixed-species plantings

oil carbon
oil nitrogen
eta-analysis

ter underestimates  the  potential  for  afforestation  to  sequester  carbon  in the  soil.  We investigated  soil
carbon  content  under  remnant  woodlands  and  found  that  it was  higher  than  under  the  afforested  pas-
tures  suggesting  that  afforestation  has  the  potential  to increase  soil carbon  over  longer  time  scales.
Targeted  studies  that measure  carbon  content  and  form  within  soils  over  an  extended  chronosequence
are  much  needed  to improve  predictions  of the  potential  for afforestation  to  increase  soil  carbon
storage.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

With increasing atmospheric carbon dioxide concentrations,
here is growing interest in returning carbon to the soil through
he revegetation of marginal agricultural lands (Lal, 2007, 2010).
o this end, carbon ‘farming’ has been identified as a viable agricul-
ural enterprise (Larson et al., 2008). The premise of such activities
s that the carbon storage potential of forests is larger than that of
gricultural crops and pastures, due to their larger woody biomass,
nd greater soil carbon levels (Lal, 2004). However, the impact of
fforestation of agricultural lands on soil carbon stocks and the
imescales over which changes are likely to occur, remain unclear
Paul et al., 2002).

Previous efforts to assess the impact of afforestation on soil
arbon, including global estimates of sequestration rates and soil
arbon storage potential, have provided estimates that both differ
n the magnitude and direction of change (Post and Kwon, 2000;
uo and Gifford, 2002; Paul et al., 2002; Berthrong et al., 2009).

or example, Post and Kwon (2000) found an average increase
f 33.8 g C m−2 yr−1 after afforestation of abandoned agricultural
and, while Paul et al. (2002) found a substantially smaller increase

∗ Corresponding author. Tel.: +61 39905 5675; fax: +61 39905 5613.
E-mail address: marianne.hoogmoed@monash.edu (M.  Hoogmoed).

167-8809/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.agee.2012.07.011
of 1.6 g C m−2 yr−1. In contrast, Guo and Gifford (2002) found an
overall decrease of 9% in soil carbon after afforestation. These dif-
ferences among reviews are likely to reflect differences in the
coverage of data sets (climates, soil types, forest types and previous
land uses), approaches to grouping these data, and highlights the
uncertainties surrounding the potential of afforestation for climate
change mitigation.

Soil carbon sequestration rates are a function of the balance
between carbon inputs (e.g., leaf litter and root turnover) and losses
(e.g., decomposition and respiration). Since rates of carbon inputs
(i.e., net primary productivity) and soil carbon cycling are driven by
climatic factors, the carbon sequestration potential of soils differs
substantially among climatic regions (Post et al., 1982). Conse-
quently, it may  be necessary to assess the potential for soil carbon
sequestration within different climatic regions to gain the level
of accuracy required to identify patterns in soil carbon sequestra-
tion rates following afforestation of agricultural lands, and indeed
any other form of land-use change. Furthermore, within a climatic
region, it is also important to consider differences in soil types and
management practices (e.g. establishment method and planting
density) across regions. For example, among the Mediterranean

climate regions of the world, Mediterranean Europe and Califor-
nia have relatively ‘new’ glacial soils with high nutrient contents
(Yaalon, 1997), whereas those in Australia are older and lower
in nutrients (Di Castri, 1991). These examples highlight the need

dx.doi.org/10.1016/j.agee.2012.07.011
http://www.sciencedirect.com/science/journal/01678809
http://www.elsevier.com/locate/agee
mailto:marianne.hoogmoed@monash.edu
dx.doi.org/10.1016/j.agee.2012.07.011
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or both climate- and region-specific assessments of soil carbon
equestration to begin resolving the large discrepancies among
lobal sequestration estimates.

While regional differences among climate zones will likely exert
mportant controls on general trends in post-afforestation soil
arbon accrual, local features may  also have significant effects
nd need to be identified to maximize the carbon sequestration
otential of afforestation activities. For example, nitrogen limita-
ion can result in reduced plant growth (LeBauer and Treseder,
008), soil carbon inputs, and ultimately, soil carbon sequestra-
ion (van Groenigen et al., 2006). The importance of accounting
or the nitrogen cycle in studies of soil carbon sequestration has
een emphasised by the substantial over estimation of the terres-
rial capacity to sequester carbon by models that include carbon
nly, compared with those that take into consideration nitrogen
ycling (Thornton et al., 2007). However, relatively little is known
bout the cycling and fate of nitrogen in soils after afforestation
Reay et al., 2008). Furthermore, the residence time of carbon in
he soil is linked to its chemical nature (De Deyn et al., 2008;
onte et al., 2010; Smith et al., 2012). For example, fast-growing
gricultural plants allocate most of their carbon to photosyntheti-
ally active tissue that has high nitrogen content and decomposes
eadily, whereas slow-growing perennial plants produce tissues
hat have high C:N ratios, are recalcitrant and hard to decompose
Aerts and Chapin, 2000). Given the strong link between carbon
nd nitrogen cycling, changes in nitrogen should be included in
ny assessment of the potential for afforestation to increase soil
arbon sequestration.

To determine how afforestation affects soil carbon and nitrogen
ynamics, we used a hierarchical Bayesian modelling framework
o conduct a meta-analysis of published data on studies of soil
hemistry following tree planting of pasturelands. We  focussed
n a single land-use change, within a specific climate type, to
llow a more in-depth analysis of environmental and manage-
ent factors influencing soil carbon and nitrogen. Pasture-based

ystems in Mediterranean climate regions were selected as they
ave been identified as key areas for afforestation (e.g. Polglase
t al., 2008), particularly under a drying climate. Using a hierarchi-
al Bayesian modelling approach enabled us to identify potential
rivers (edaphic, biological and management-related) of change

n soil carbon and nitrogen in these systems. Specifically, we
ddressed two questions:

. Does afforestation change the amount of carbon and nitrogen of
pasture soils?

. Which environmental and management factors affect the magni-
tude of change in soil carbon and nitrogen following afforestation
of pasture soils?

. Materials and methods

.1. Data collection

A database of published papers reporting on changes in soil
arbon and nitrogen following the planting of trees on pas-
ures was compiled. Literature search was performed using ISI

eb  of Knowledge and Google Scholar in June 2011. Different
ombinations of the following search terms were used to find
apers containing the relevant information: afforestation, refor-
station, restoration planting, tree, pasture and soil carbon. We
lso contacted researchers who work in Mediterranean climates

nd according to their website worked in related areas, to inquire if
hey were aware of other ongoing or unpublished studies or reports.
tudies were only included in the database if they met the following
riteria:
nd Environment 159 (2012) 176– 183 177

1. The site was  located in a Mediterranean climate, which are char-
acterised by winter dominant rainfall and warm and dry summer
months with moisture deficits (Peel et al., 2007);

2. Trees were planted on land that was  managed previously as a
pasture;

3. Soils data were reported from both an afforested area and an
adjacent pasture on the same soil type;

4. Commercial plantations were included if the soil data were col-
lected before the first harvesting cycle to avoid effects of soil
disturbance and replanting;

5. Total carbon and nitrogen concentrations or contents of soils
were reported; and

6. An estimate of error (standard error or standard deviation) was
reported.

Based on these criteria, 7 publications describing 25 studies
were identified (Table 1). Although the literature search was  global,
surprisingly, all identified studies were located in the Mediter-
ranean regions of Australia. We  used total soil carbon and nitrogen
values in our analysis, and data were converted to percentages
for consistency. Soil sampling depths varied among studies, so
data were sorted into categories, referred to as the shallow layer
(0–10 cm and 0–5 cm samples) and the deep layer (10–20 cm,
10–30 cm and 5–30 cm samples). Standard error values were con-
verted into standard deviations prior to inclusion in our analysis. As
a point of reference, the total soil carbon values in the pasture and
afforested sites were compared to those reported for native wood-
lands in the Mediterranean regions of Australia (Aggangan et al.,
1998; Guo et al., 2007; Kasel et al., 2008; Allen et al., 2009; Burger
et al., 2010; Carson et al., 2010; Cunningham et al., 2012) (Table 2).
Nitrogen values were not compared as not enough data could be
found for the native woodlands.

In order to identify potential drivers of patterns in soil carbon
and nitrogen, a suite of biological, environmental and management
variables were included in our analysis. These variables included
spatial (latitude, longitude, elevation), climate (mean annual rain-
fall, mean temperature of the warmest month and the coldest
month), soil (type, texture, clay content, bulk density, pH), veg-
etation (planting age, species origin (native/exotic), species mix
(single/mixed), and presence of eucalypts, acacias, gymnosperms,
angiosperms, Eucalyptus globulus and Pinus radiate)  and establish-
ment variables (planting density, soil ripping, weed control and
fertilizer application). Where climatic data (average temperature of
the hottest and coldest months) were not reported, this informa-
tion was  sourced from the nearest weather station (BOM, 2009).
The systems used to classify the soils in the various studies dif-
fered. For consistency, soil types for each site were converted using
GIS layers into the Australian Soil Classification system of the Atlas
of Australian Soils (ABARES, 2004) and textural classes (McKenzie
et al., 2000).

2.2. Statistical analysis

We  used hierarchal Bayesian models with study-level random
intercepts and slopes to estimate the mean effects of afforesta-
tion and environmental factors on each response variable. This
approach identified factors (e.g. climate, soil type, time since
afforestation, etc.) that were consistent predictors of soil carbon
and nitrogen across studies. The general model was:

yi,s∼N(�i,s, �2
i,s)
�i,s = ˇ0,s +
Q∑

j=1

ˇj,sxi,s + ∈ site(i,s) + εi,s (model 1)
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Table  1
Studies used in dataset and their main planting characteristics.

Planting age (yr) Planting typeh Tree density
(stems ha−1)i

Latitude (◦S) Longitude (◦E) MARj (mm  yr−1) Soil typek Soil pH Soil preparation

0.5b NS 1200 35◦ 118◦ 754 Brown chromosols 4.95 Mounded
4.5a NS 1250 34◦14′ 115◦20′ 1100 Grey sand 5.23 Ripped
5b NS 1200 35◦ 118◦ 754 Brown chromosols 4.95 Mounded
5e NM 350 36◦30′0 145◦48′0 567 Sodosols 4.67 Ripped
5e NM 1500 36◦36′ 145◦30′ 591 Sodosols 4.59 Ripped
6c NM 625 36◦45′ 145◦34′ 500 Red kurosol 5.57 NA
6c NM 6000 36◦45′ 145◦34′ 500 Red kurosol 6.01 NA
6g NS NA 37◦49′ 143◦45′ 688 Sodosols 4.7 Ripped
7c NM 3000 36◦45′ 145◦34′ 500 Sodosols 6.01 NA
7c NM 375 36◦45′ 145◦34′ 500 Sodosols 5.92 NA
8.5b NS 1200 35◦ 118◦ 754 Brown chromosols 4.75 Mounded

10c NM 1333 36◦45′ 145◦34′ 500 Red kurosol 6.24 Mounded
11g ES NA 37◦49′ 143◦45′ 688 Sodosols 4.6 Ripped
12c NM 2000 36◦45′ 145◦34′ 500 Sodosols 5.98 NA
13d ES NA 33◦52′ 121◦53′ 619 Arenosol 4.25 Ripped
13d ES NA 33◦52′ 121◦53′ 619 Arenosol 4.25 Ripped
13d ES NA 33◦52′ 121◦53′ 619 Arenosol 4.25 Ripped
13d NS NA 33◦52′ 121◦53′ 619 Arenosol 4.25 Ripped
13d NS NA 33◦52′ 121◦53′ 619 Arenosol 4.25 Ripped
13d NS NA 33◦52′ 121◦53′ 619 Arenosol 4.25 Ripped
16f ES 800 35◦20′00 149◦19′30 622 Dermosols 4.5 NA
21e NM 400 36◦23′60 146◦0′ 629 Sodosols 4.79 Ripped
22e NM 211 36◦30′ 145◦48′ 611 Sodosols NA None
28e NM 350 36◦36′0 145◦30′0 608 Sodosols 4.92 Ripped
29e NM 582 36◦12′ 147◦0′ 736 Sodosols NA None

a Aggangan et al. (1998).
b Allen et al. (2009).
c Burger et al. (2010).
d Carson et al. (2010).
e Cunningham et al. (2012).
f Guo et al. (2007).
g Kasel et al. (2008).
h NS: native single species, NM:  native mixed species, ES: exotic single species.

 Atlas 

p
a
i

T
S

i NA: not available.
j MAR: mean annual rainfall.
k Soil were classified according to the Australian Soil Classification system of the
In model (1), yi,s is the observed value of the response (e.g. %C) in
lot i of study s, �i,s is the associated standard error (i.e. uncertainty
bout the estimated %C), and � i,s is the unknown true value, which
s modelled as a linear function of Q covariates plus random errors

able 2
tudies used for native woodland dataset and their main characteristics.

Latitude (◦S) Longitude (◦E) Main tree species MAR (m

37◦9′ 145◦58′ Eucalyptus. polyanthemos,  E.
melliodora, E. goniocalyx,  E.
macrorrhyancha

860 

37◦9′ 145◦58′ E. polyanthemos,  E. melliodora,
E.goniocalyx,  E. macrorrhyancha

860 

37◦29′ 144◦05′ E. obliqua, E. rubida,  E. radiata 925 

34◦50′ 118◦10′ E. marginata,  Allocasuarina
fraseriana,  Banksia spp.

760 

E.  marginata 865 

E.  diversicolor 1291 

E.  marginata 661 

E.  marginata 655 

E.  marginata 1358 

E.  marginata 833 

32◦54′ 116◦27′ E. marginata,  Corymbia
calophylla

670 

37◦9′ 145◦58′ E. polyanthemos,  E. melliodora,
E.  goniocalyx,  E.
macrorrhyancha

860 

35◦45′ 148◦56′ E. pauciflora,  E. stellulata, E.
rubida.

776 

E.  obliqua, E. sideroxylon, E.
microcarpa

570 

36◦7′ 145◦3′ E. camaldulensis 500 
of Australian soils (ABARES, 2004).
associated with sites, ∈, and with plots within sites, ε (=residual).
The study-specific regression coefficients ˇ,s were modelled hierar-
chically, with “exchangeable” prior distributions (Gelman and Hill,
2007): ˇj,s∼N(Bj, �2

j
). Thus, the jth coefficient for study s was drawn

m  yr−1) Soil typea Reference

Yellow podzol Kasel et al. (2008)

Yellow podzol Kasel et al. (2008)

Yellow podzol Kasel et al. (2008)
Supracalcic chromosol Livesley et al. (2009)

Ferric acrisol Mendham et al. (2002)
Ferric acrisol Mendham et al. (2002)
Haplic arenosol Mendham et al. (2002)
Haplic arenosol Mendham et al. (2002)
Ferric acrisol Mendham et al. (2002)
Haplic arenosol Mendham et al. (2002)

Lin et al. (2011)

Yellow podzolic Kasel and Bennett (2007)

Red yellow podzols Kasel and Bennett (2007)

Adams and Attiwill (1986)

Grey, yellow and brown
sodosols and chromosols

Burger et al. (2010)
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ig. 1. Total carbon content (%) in the (a) shallow and (b) deep soil layer and total n
he  pasture. Points represent carbon and nitrogen values at individual sites (shallow

rom a normal distribution with “hyper-parameters” mean Bj and
ariance �2

j
. The hyper-parameters were assigned uninformative

rior distributions: Bj ∼ N(0, ϕ2) ; �j ∼ Uniform(0, 10). Inferences
ere based on the mean regression coefficients Bj, which estimated

he mean effect of variable j across all studies.
We used Bayesian model selection to evaluate the evidence that

ach candidate variable x,j was a predictor of each response variable
i.e. that each Bj was non-zero). Bayesian model selection combines
rior model probabilities with marginal likelihoods (likelihood of
ata integrated over all parameter values in prior distributions)
o produce conditional posterior model probabilities. We  assigned
qual prior probability to all models so that posterior model prob-
bilities reflected marginal likelihoods, and indicated the relative
upport in the data for each model. Summing the posterior model
robabilities over all models that included a particular variable
ielded the posterior probability that the variable was  a predic-
or, Pr(Bj /= 0). We  considered Pr(Bj /= 0) values >0.75, equivalent
o a threefold increase in the odds, to indicate substantial evi-
ence of an effect (Viallefont et al., 2001). Thus, if the amount of

 in the soil was substantially higher in afforested than pasture
ites, the probability of a non-zero land-use coefficient would be
0.75. The posterior distributions of the mean coefficients Bj were
ntegrated over all models, weighted by posterior model probabil-
ties, and provided effect size estimates that accounted for model
ncertainty. Bayesian model selection can be sensitive to the prior
ariance for regression coefficients (i.e. to ϕ2 above), which con-
rols the penalty for additional parameters (larger prior variance
avours fewer parameters (George and Foster, 2000)). We  assigned

 uniform prior distribution to ϕ with maximum value scaled to
he response variable: ϕ∼Uniform(0, SD(y)/2). We  also fitted mod-
ls with a range of different upper limits to ϕ (e.g. SD(y), 2 × SD(y))
nd obtained consistent results.

We  compared the estimated mean carbon concentrations in
hallow soils (0–10 cm)  for pasture and afforested sites with the
ean of 15 native woodland sites (Table 2). A simple model esti-

ating the mean for remnant woodlands was fitted simultaneously
ith model (1): zi∼N(z̄, �2

rem), where zi was the value in remnant i
nd z̄ was the mean of all remnants. This allowed direct compari-
on of the estimated remnant mean z̄ with the estimated afforested
n content (%) in the (c) shallow and (d) deep layer over time since afforestation of
23; deep, N = 11).

shallow mean, B0, and pasture shallow mean, B0 + B1 (note that
B1 in model (1) estimated the mean difference between pasture
and afforested sites in the shallow layer). We  calculated the pos-
terior probabilities that the remnant mean was  greater than the
afforested mean, Pr(z̄ > B0), and the pasture mean, Pr(z̄ > B0 + B1).

All models were fitted by using Markov chain Monte Carlo
(MCMC) sampling in WinBUGS software (Lunn et al., 2000), using
the reversible jump add-on (Lunn et al., 2009) for model selec-
tion. We  sampled posterior distributions for 100,000 iterations
after 100,000 burn-in periods. We  ran three different chains and
confirmed MCMC  mixing and convergence by examining chain his-
tories, autocorrelation plots, and Gelman–Rubin–Brooks statistics
(Brooks and Gelman, 1998; Gelman and Hill, 2007). To reduce corre-
lation among model parameters and to speed model convergence,
all predictor variables were standardized before model fitting (Lunn
et al., 2000): X ′

mk
= (Xmk − X̄k)/sk, where X̄k and sk are the mean

and standard deviation of variable k and Xmk is the mth  value of
that variable. Quadratic terms were included for variables when
non-linear relationships were suspected (planting age). The linear
and quadratic terms were treated as a single variable for model
selection, with prior probability that one or both coefficients were
non-zero equal to 0.5 (i.e. variables with linear and quadratic terms
had the same prior probability of inclusion as variables with only
linear terms).

3. Results

There were no clear patterns in change of total soil carbon or
nitrogen among sites that had been converted from pasture to
forest over a 30 year time period (Fig. 1). These results were sup-
ported by neither planting age (i.e., time since afforestation) nor
land-use (i.e., planting versus pasture) being a strong predictor in
our model. As expected, a substantial decrease of C and N was
found in the deep soil layers when compared to the shallow soil
layers (Table 3).
A major challenge in comparing soil carbon and nitrogen con-
centrations among studies is controlling for differences in soil
types and management. To account for this, we expressed soil
carbon and nitrogen concentrations in the afforested sites as a
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Table  3
Importance of variables in predicting the total carbon without N as a predictor, total carbon with nitrogen as a predictor, or nitrogen content of soils under afforested pastures
determined by Bayesian model averaging (BMA). Pr(  ̌ /= 0) is the probability of a non-zero coefficient in the predictor model, with strong predictors [Pr(  ̌ /= 0) ≥ 0.75]
indicated in bold. Estimated coefficients of predictors with standard error are given. Coefficients are based on the weighted posterior mean coefficient of retained models
produced by BMA.

Variables C content C content, with N as predictor N content

Pr. Coef. S.D. Pr. Coef. S.D. Pr. Coef. S.D.

Land use 0.34 −0.04 0.17 0.26 −0.02 0.06 0.32 0.00 0.01
Soil  type 0.47 0.23 0.71 0.12 −0.02 0.21 0.66 0.04 0.06
Planting type 0.22 0.07 0.24 0.14 0.01 0.09 0.19 0.00 0.02
Depth class 1.00 −1.25 0.38 0.43 −0.08 0.15 1.00 −0.11 0.03
Annual rainfall (mm  yr−1) 0.29 0.08 0.32 0.23 0.03 0.14 0.27 0.00 0.02
Planting agea (yr) 0.19 −0.13 0.39 0.07 0.00 0.09 0.17 −0.01 0.02
Density (stems ha−1) 0.18 0.01 0.15 0.09 0.00 0.04 0.18 0.00 0.01

a Planting age was included as a quadratic function

Fig. 2. Percentage change in total carbon in the (a) shallow and (c) deep soil layer and change in total nitrogen in the (b) shallow and (d) deep layer over time since afforestation
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f  the pasture. Points represent the percentage change of carbon and nitrogen valu

roportion of those in the adjacent pastures, and repeated our
nalysis. Despite this, there were again no clear patterns in soil
arbon and nitrogen in afforested soils relative to their adjacent
astures, over the 30 years afforestation chronosequence consid-
red here (Fig. 2a–d). This result was supported by planting age (i.e.,

ime since afforestation) not being strong predictors in our model
Table 4).

able 4
mportance of variables in predicting the relative increase in total carbon (%) or
itrogen (%) of soils under afforested pastures determined by Bayesian model aver-
ging (BMA). Pr(  ̌ /= 0) is the probability of a non-zero coefficient in the predictor
odel.

Variable C increase Pr. N increase Pr.

Soil type 0.45 0.45
Planting type 0.45 0.45
Depth class 0.49 0.52
Annual rainfall (mm  yr−1) 0.43 0.42
Planting agea (yr) 0.40 0.37
Density (stems ha−1) 0.41 0.42

Planting age was  included as a quadratic function.
ndividual sites (shallow, N = 23; deep N = 11).

Taken together, there was  no clear evidence of a change in total
soil carbon or nitrogen after 30 years of afforestation of pastures.
Given this result, it is not surprising that there was no difference in
soil C:N ratios between the pasture and afforested sites (data not
shown).

As total soil carbon did not increase after three decades of
afforestation, it raises the question of whether or not total soil
carbon concentrations will increase further given more time. To
explore this, we  compared the soil carbon concentration in the soils
under the pastures and afforested areas with those found under
remnant native woodland. In this comparison, mean soil carbon
concentrations of surface soils were found to be substantially lower
(Probability = 0.91) in both the pasture and the afforested sites than
those in the woodlands (Fig. 3).

While no clear temporal patterns in total soil carbon and
nitrogen following afforestation of pastures were observed here,
the hierarchal Bayesian approach can be used to identify other
drivers (i.e., environmental factors) of total soil carbon and nitro-

gen. However, total soil carbon and nitrogen concentrations could
not be explained by the environmental or establishment variables
included in the analysis. Tables 3 and 4 contain the variables for
which meaningful probability could be produced. Variables that are
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ig. 3. Box plots showing the maximum value, upper quartile, median, lower quar-
ile and minimum value of carbon content in pastures (N = 25 sites), plantings
N = 25) and native woodlands (N = 15).

ot included in the tables (e.g. clay content, pasture improvement)
id not produce meaningful probabilities due to a lack of data or
oo many confounding factors.

. Discussion

We  found no evidence of a change in soil carbon or nitrogen
oncentrations after three decades of afforestation of pastures in
egions with a Mediterranean climate. However, we did find that
oil carbon concentrations in soils under pasture and afforesta-
ion were significantly lower than those under remnant forests,
hich was the dominant vegetation type in the Mediterranean

one in Australia prior to land-clearance following European set-
lement (over the past 150 years). This indicates that afforestation
f pastures could lead to an increase in soil carbon levels, but over
onger time scales than we currently have data available for. The
carcity of such long-term sites highlights a significant knowl-
dge gap (Poulton et al., 2003). Furthermore, our findings may
elp explain the lack of a clear pattern in the results of global-
cale meta-analyses (Post and Kwon, 2000; Guo and Gifford, 2002;
aul et al., 2002; Berthrong et al., 2009), as there was  no trend in
oil carbon over three decades of afforestation within a climatic
egion (Mediterranean) on a single continent (Australia). This sug-
ests that longer time intervals may  be required for afforestation
o have a substantial impact on soil carbon stocks and that other
actors such as soil type, species mix  and establishment may  cause
ubstantial variation in soil carbon accumulation.

The sequestration of carbon in the soil is influenced by not
nly the amount of carbon entering the soil, but also the chemical
nd physical nature of that carbon. For example, more recalcitrant
orms of carbon were found in an afforested riparian zone than in
he adjacent grazed pasture in South-Eastern Australia (Smith et al.,
012). It is also important to consider distinguishing among the var-

ous fractions of soil organic matter with different residence times
n the soil (e.g. Spohn and Giani, 2011). For example, after afforesta-
ion in (Mediterranean) Western Australia, the labile soil organic

atter (SOM) fraction (>200 �m)  was found to recover much faster
han the recalcitrant or passive SOM fraction (>53 �m,  George et al.,
010). George et al. (2010) also reported a decrease in the interme-
iate SOM fraction (200–53 �m)  following afforestation, which is
sually protected within microaggregates providing an important
ool for carbon storage. This decrease in the intermediate fraction

s likely to be a result of soil disturbance during the re-vegetation
rocess, which breaks up aggregates and exposes the organic mate-

ial to microbes for decomposition. Taken together, these examples
erve to highlight the need to consider both the amounts and forms
f carbon in the soil when considering afforestation as a means
f sequestering carbon in the soil. The studies included in our
nd Environment 159 (2012) 176– 183 181

meta-analysis only reported total carbon content. This is partly
related to the fact that some of the studies (Allen et al., 2009;
Carson et al., 2010; Kasel et al., 2008) were not focussed primar-
ily on soil carbon. Targeted studies on soil carbon and its chemical
and physical forms are much needed.

The time it takes soils under afforestation to reach similar carbon
levels as mature native forests, differs substantially among sites. For
example, in mixed deciduous forests of North America, soil organic
matter in an afforested site (on crop land), surpassed the content of
a native forest after only 29 years, while another afforested site
only contained half of the soil organic matter of the native for-
est after 50 years (Six et al., 2002). Similarly, in a chronosequence
of mixed deciduous forests in Western Europe, although the soil
carbon content after long-term afforestation (100–150 years) was
much higher than under pasture, it was  still significantly lower than
a nearby mature native forest (Spohn and Giani, 2011). In studies
used here from the Mediterranean regions of Australia, the level of
soil carbon was lower in the pasture (2.5%) and the plantings (2.7%)
than in the native woodlands (4.3%). This indicates that there still is
a potential for further increase, but this may  take several decades.

When measuring total soil carbon and nitrogen content, the soil
is typically sieved (≤2 mm)  with larger pieces of carbon-containing
organic matter and roots discarded. Soil litter layers are also typ-
ically excluded from analysis. However, these pools form a large
proportion of the soil carbon store and their omission underesti-
mates carbon accumulation after afforestation (Paul et al., 2002).
The litter and soil organic matter derived from trees is more recal-
citrant (woody, high lignin, cellulose, etc.) compared with pastures
and, therefore, has greater potential for long-term storage in the soil
(De Deyn et al., 2008). Therefore, it can take a long time to decom-
pose and for the carbon to enter the soil pool. In the meta-analysis
of Paul et al. (2002), which included 55 sites across Australia (with
a wide range of climate types), only 34 sites had measured carbon
in the litter. At these sites, there was less than 15 g C m−2 change
per year in carbon content of the mineral soil, but when the carbon
in litter and soil were combined, there was a significantly higher
increase of 35–46 g C m−2 in carbon. Similarly, in a study of restored
riparian zones, Burger et al. (Smith et al., 2012) found a threefold
increase in the litter layer along a sequence of 18 sites ranging
in condition from un-restored, through restored (re-vegetated) to
remnant. This, along with the fact that under the low to medium
rainfall (<800 mm yr−1) of Mediterranean climates litter decompo-
sition rates will be slow, suggests that litter is likely to accumulate
under plantings and not contribute substantially to soil organic car-
bon for many decades. Thus, we  suggest that for Mediterranean
systems, changes in carbon pools following afforestation will be
observed in the litter layer before they are observed in the soil.

Many studies (e.g. Aggangan et al., 1998; Davis and Condron,
2002) on the effects of afforestation on soil carbon accumulation
have been conducted in tree plantations, which differ substantially
from restoration plantings in terms of their composition and man-
agement. In Australia, mixed-species, environmental plantings (i.e.,
no harvesting) are increasingly recognised as a management strat-
egy to improve biodiversity, habitat structure and water quality
(Dorrough and Moxham, 2005; Munro et al., 2009), as well as accu-
mulate carbon (Polglase et al., 2008). However, soil carbon under
mixed-species plantings is rarely quantified (Cunningham et al.,
2012) and could provide more insights into the biological processes
involved in carbon sequestration than commercial plantations due
to the limited amount of post-establishment disturbance and wider
range of species. In contrast, soils under commercial plantations
are disturbed repeatedly (harvesting and replanting) and contain

residual root material from prior rotations

In the present study we sought to identify edaphic and manage-
ment factors influencing the accumulation or change of carbon and
nitrogen in the soil. That our analysis did not reveal any clear drivers
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f soil carbon and nitrogen levels is not unexpected given the lack
f clear patterns in soil carbon and nitrogen following afforesta-
ion. Again, longer studies may  be required to identify such factors
n this afforestation context. Identification of edaphic and manage-

ent factors may  be of particular use both in terms of planning
fforestation activities with the goal of increasing soil carbon, and
n estimating soil carbon using easily measured proxies for soil car-
on levels, as has been done successfully in other studies (Smith
t al., 2012).

. Conclusion

In our meta-analysis of 25 studies from across the Mediter-
anean parts of Australia, we found no evidence of changes in soil
arbon and nitrogen three decades after afforestation. The lack of
ata on carbon content in the litter underestimates the potential
or afforestation to sequester carbon in the soil. The higher soil car-
on under remnant woodlands suggests that afforested pastures
ave the potential to increase soil carbon over longer time scales.

n the early decades after afforestation of pastures, the important
hange may  be an increase in the proportion of recalcitrant to
abile forms of carbon in the soil. Targeted studies that measure
arbon content and form within soils over an extended chronose-
uence will be vital to improving predictions of the potential for
fforestation to increase soil carbon storage. Given the substantial
ariability in our climate-region specific findings, it is not surpris-
ng that there is a lack of clear pattern in soil carbon accumulation
ollowing afforestation between studies undertaken on a global
cale. This highlights the need for further climate-region specific
tudies.
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