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Abstract  32 

Reforestation has large potential for mitigating climate change through carbon sequestration. 33 

Native mixed-species plantings have a higher potential to reverse biodiversity loss than do 34 

plantations of production species, but there are few data on their capacity to store carbon. A 35 

chronosequence (5-45 yr) of 36 native mixed-species plantings, paired with adjacent pastures, 36 

was measured to investigate changes to stocks among C pools following reforestation of 37 

agricultural land in the medium rainfall zone (400-800 mm yr-1) of temperate Australia. These 38 

mixed-species plantings accumulated 3.09 ± 0.85 t C ha-1 yr-1 in aboveground biomass and 0.18 ± 39 

0.05 t C ha-1 yr-1 in plant litter, reaching amounts comparable to those measured in remnant 40 

woodlands by 20 yr and 36 yr after reforestation, respectively. Soil C was slower to increase, with 41 

increases seen only after 45 yr, at which time stocks had not reached the amounts found in 42 

remnant woodlands. The amount of trees (tree density and basal area) was positively associated 43 

with the accumulation of carbon in aboveground biomass and litter. However, changes to soil C 44 

were most strongly related to the productivity of the location (a forest productivity index and soil 45 

N content in the adjacent pasture). At 30 yr, native mixed-species plantings had increased the 46 

stability of soil C stocks, with higher amounts of recalcitrant C and higher C:N ratios than their 47 

adjacent pastures. Reforestation with native mixed-species plantings did not significantly change 48 

the availability of macronutrients (N, K, Ca, Mg, P and S) and micronutrients (Fe, B, Mn, Zn and 49 

Cu), content of plant toxins (Al, Si), acidity, or salinity (Na, electrical conductivity) in the soil. In 50 

this medium rainfall area, native mixed-species plantings provided comparable rates of C 51 

sequestration to local production species, with the probable additional benefit of providing better 52 

quality habitat for native biota. These results demonstrate that reforestation using native mixed-53 

species plantings is an effective alternative for carbon sequestration to standard monocultures of 54 

production species in medium rainfall areas of temperate continental climates, where they can 55 

effectively store C, convert C into stable pools and provide greater benefits for biodiversity.56 
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Introduction 57 

The extent of forests around the world has declined by an estimated 16.4 million km
2
 (36% of 58 

the historical extent) over the last 200 years (Meiyappan & Jain, 2012). This massive forest 59 

clearance has resulted in substantial emissions of carbon (C) to the atmosphere, reduced 60 

capacity for C storage (Houghton, 2003), and has led to rapid declines in biodiversity (Gaston 61 

et al., 2003). Reforestation is the principal means for reversing the loss of native forests and 62 

is defined here as replanting trees in areas that were historically forested but that had been 63 

cleared for other land uses (IPCC, 2007). Net primary production of forests is estimated 64 

globally to be double that of improved pastures and croplands (Fig. 1, Lal, 2004, Pan et al., 65 

2011). Consequently, reforestation could provide an important tool for mitigating climate 66 

change in the short-term while fostering a low-carbon economy and improving environmental 67 

conditions in the coming decades and centuries (Mackey et al., 2013). 68 

Forests sequester more C than agricultural plants primarily because trees have 69 

substantially larger biomass (Fig. 1, Pregitzer & Euskirchen, 2004) and longer life spans 70 

(decades to centuries). Productivity of forests and hence C sequestration potential varies 71 

widely among climate zones and forest types (1-30 t C ha
-1

 yr
-1

, Churkina & Running, 1998). 72 

Forest productivity increases positively with water availability, temperature (Churkina & 73 

Running, 1998) and nutrient availability (e.g. nitrogen (N) mineralization, Schimel et al., 74 

1996). For a given location, monocultures of production trees generally accumulate biomass 75 

faster than native tree species due to tree breeding and silviculture (Paquette & Messier, 76 

2010), making monocultures desirable when rapid C sequestration is the goal. Productivity of 77 

plantations increases with tree density to a maximum stocking density beyond which 78 

overcrowding produces trees with smaller stem and crown diameters, and accelerates tree 79 

death from competition (West, 2013). 80 
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Similar amounts of carbon are stored in forest soils and forest biomass at the global scale 81 

(363 vs 383 Pg C, Pan et al., 2011). However, soil generally provides more stable C storage 82 

than plant biomass, which is more susceptible to disturbances, and soil continues to 83 

accumulate C after forests mature, unlike plant biomass (Schulze et al., 2000). Estimates of 84 

the change in soil C stocks after reforestation based on global data range widely (-10% to 85 

+26%), reflecting differences in sequestration among climate regions, soil types, tree species 86 

and previous land uses (Guo & Gifford, 2002, Laganière et al., 2010, Paul et al., 2002). 87 

Variability in soil C stocks in tree plantings is explained more by climate than former land 88 

use or stand age (Marin-Spiotta & Sharma, 2013). Regional meta-analyses show soil C stocks 89 

generally show little change until 30 yr after reforestation, particularly on former pastures 90 

(Barcena et al., 2014, Hoogmoed et al., 2012) but can increase by 20% within 50 yr 91 

(Laganière et al., 2010). Previous land use is an important determinant of the potential for 92 

soil C sequestration following reforestation, with increases in stocks in early decades on 93 

former cropland (+18% to +26%) but predominantly losses on former pasture (Guo & 94 

Gifford, 2002, Laganière et al., 2010). Mature forests have substantially larger soil C stocks 95 

than fields (Fig. 1, Lal, 2004) and natural regeneration of abandoned fields can sequester 96 

large amounts of soil C after a century (Poulton et al., 2003), suggesting a large sequestration 97 

potential for reforestation. 98 

Reforestation may change the molecular form of soil C and, consequently, increase the 99 

stability of the existing stock. Trees contain more lignin in their biomass (15%-40%) than do 100 

grasses (Novaes et al., 2010), so reforestation of agricultural land will substantially increase 101 

woody inputs to the soil. The slow decomposition of woody inputs following reforestation 102 

partially explains the initial decrease of soil C on former pastures (Post & Kwon, 2000). 103 

Increases in soil C following reforestation can be substantial in the partly decayed material 104 
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(Berthrong et al., 2012) whereas increases in the more stable humic material have rarely been 105 

shown (Del Galdo et al., 2003). The C:N ratio of soils often increases within decades of 106 

reforestation (e.g. Cunningham et al., 2012), which suggests decreased decomposition and 107 

increased stability of soil C. 108 

Reforestation can substantially change nutrient cycling on agricultural land due to changes 109 

in rates of uptake, and quantity and quality of inputs to soils. Losses in soil N are expected 110 

after reforestation because concentrations are usually higher on agricultural land than forests 111 

(Garten & Ashwood, 2002) due to the addition of fertilizer. Base cations, such as calcium, 112 

potassium and magnesium, decrease (> 20%) in the soil after reforestation due to increased 113 

translocation to biomass, often resulting in the acidification of the surface soil (-0.3 pH units, 114 

Berthrong et al., 2009). Similarly, extended use of saline ground water by trees can be 115 

detrimental because it accumulates salt in the biomass and surface soil (Jobbagy & Jackson, 116 

2004).  117 

Reforestation provides many ecological benefits beyond C sequestration, including more 118 

habitat and more ecological resources for native species, and improved water quality 119 

(Cunningham et al., in review). Monocultures of production species have fast C sequestration 120 

rates but typically are colonized by plants and animals that are already abundant in 121 

agricultural landscapes (Felton et al., 2010). Planting a range of native tree species within 122 

individual plantings and over a region will develop a diversity of forest structures that will 123 

increase the heterogeneity of resources and, therefore, the opportunities for a diverse range of 124 

native plants and animals to colonize tree plantings (Cunningham et al., in review). Long-125 

term (> 100 yr) plantings are necessary to develop many habitat structures (Vesk et al., 126 

2008). In particular, mixed-species plantings allow for more vertical differentiation of 127 

individuals due to differences in architecture and height growth rates, thereby accelerating the 128 
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development of structural heterogeneity in the developing forest (Oliver and Larson 1996). 129 

Reforestation can reduce local runoff (Jackson et al., 2005) but higher tree cover may 130 

increase water availability at larger scales (Ellison et al., 2012) and improve water quality 131 

(Osborne & Kovacic, 1993). 132 

The C sequestration potential of mixed-species plantings is relatively unknown compared 133 

with that of production plantations or native forests. Global meta-analyses of soil C 134 

sequestration following reforestation included only six different studies of mixed-species 135 

plantings (Silver et al., 2000; Guo & Gifford, 2002; Paul et al., 2002; Laganière et al., 2010). 136 

Even meta-analyses deliberately focused on biomass accumulation in mixed-species 137 

plantings are dominated by studies of two-species plantings (Forrester et al., 2006, Hulvey et 138 

al., 2013, Piotto, 2008). Scenarios based on modelled C sequestration suggest that mixed-139 

species plantings are an economically viable option in lower rainfall regions (< 1000 mm yr
-1

, 140 

Crossman et al., 2011, Polglase et al., 2013). However ,there has been little effort to measure 141 

biomass accumulation extensively in mixed-species plantings ( Paul et al., 2013, Paul et al., 142 

2014) and even fewer have measured associated changes in soil C (Kasel et al., 2011, Resh et 143 

al., 2002).  144 

Here, we present a regional assessment of the potential of reforestation to alter stocks 145 

among C pools (biomass, litter and soil) with native mixed-species plantings on agricultural 146 

land. We focused on the medium rainfall region (400-800 mm yr
-1

) of temperate Australia 147 

because this land is expected to be a priority for reforestation in the coming decades (Polglase 148 

et al., 2013) and comparable climate zones are found in continental areas of Europe, eastern 149 

United States, southern Africa and eastern China. A chronosequence (5 to 45 yr) of native 150 

mixed-species plantings that was dominated by eucalypts, and included paired measurements 151 
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of adjacent pastures to account for differences in soil type and land-use history, was 152 

measured to determine: 153 

1) Rates and magnitudes of C sequestration in native mixed-species plantings. 154 

2) The site characteristics that are likely to increase C sequestration in native mixed-155 

species plantings. 156 

3) Changes in the stability of soil C stocks and nutrient availability following 157 

reforestation with native mixed-species plantings. 158 

 159 

Materials and methods 160 

Study area 161 

Tree plantings were on grazing farms in northern Victorian, Australia (36.5 
o
S 146.0 

o
E). 162 

Prior to European settlement, the region was covered in woodlands (10-30 m tall, 10-30% 163 

projective foliage cover, Specht, 1981) dominated by Eucalyptus species with grassy 164 

understoreys. The region has been cleared extensively since European settlement in the 1840s 165 

for dryland agriculture, including cereal crops and pasture for stock. The climate in this 166 

region is temperate with seasonal changes in mean monthly maximum temperature (12.6–167 

30.8 °C) and minimum temperature (2.9–16.5 °C), and a winter-dominant mean annual 168 

precipitation ranging from 570-715 mm yr
-1

 across the region (1971-2000, BOM, 2014). 169 

 170 

Site selection 171 

A total of 39 sites was selected, including 36 tree plantings (1-9 ha) and three remnant 172 

woodlands. Tree plantings established along streams were included to investigate potential 173 

differences in C sequestration between riparian plantings (N = 10 sites) and upland plantings 174 

(N = 26 sites), given access to additional water in riparian zones.The remnant woodlands 175 
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were chosen to include species that were common (e.g. Eucalyptus macrocarpa (Maiden) 176 

Maiden) among the tree plantings of our survey and the region, and as a potential trajectory 177 

for plantings at maturity. Like the majority of remnant woodlands in the region, they were 178 

likely to have been cleared during the Gold Rush of the 1850s and 1860s, and were logged 179 

selectively until reservation in recent decades. The plantings covered the available range of 180 

ages (5 to 45 yr in 2010) for native mixed-species plantings on pasture in the region (Table 181 

S1). The plantings were established by ripping the soil into furrows, fencing out stock and 182 

hand planting tubestock seedlings into the furrows, with no subsequent management. The 183 

sites were planted with a mixture of 2–15 regionally endemic trees and shrubs from the 184 

genera Acacia Mill., Allocasaurina L.A.S. Johnson, Callistemon R. Br., Eucalyptus L'Hér 185 

and Melaleuca L. The soils at the plantings were predominantly sodosols, except for three of 186 

the riparian plantings that were on chromosols, and predominantly had a sandy loam to loamy 187 

texture (McKenzie et al., 2000). The dominant eucalypts within the plantings are 188 

representative of the historically dominant tree species in the study region, with Eucalyptus 189 

macrocarpa Hook. in 21 of the upland plantings, its ecological and morphological equivalent 190 

E. albens Benth. in the 8 upland plantings in the northern part of the study area, and the 191 

floodplain species E. camaldulensis Dehnh. in the 10 riparian plantings. 192 

 193 

Vegetation survey 194 

An inventory of trees and shrubs within the plantings was collected over three months in the 195 

austral spring to early summer 2010. Vegetation was surveyed using three randomly placed 196 

plots of 900 m
2
 at each planting. Plots were predominantly 30 × 30 m but smaller widths (10-197 

15 m) had to be used in narrow plantings. Stem diameter was measured at breast height (1.3 198 

m high) for trees and at the base of shrubs (10 cm high) due to the multi-stemmed form of 199 
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most shrub species. The species and status (live/dead) of all trees and shrubs was determined. 200 

Trees were considered dead if they had no live leaves in their crown (Cunningham et al., 201 

2007). For each planting, total basal area, live basal area, and tree density were calculated 202 

from the basal area and status of trees. Aboveground and belowground biomass of each 203 

planting were estimated from the basal area measurements using robust species-specific 204 

allometrics developed from harvests of native mixed-species plantings in the region (Paul et 205 

al., 2014, Paul et al., 2013). 206 

 207 

Soil C and plant litter survey 208 

Soil surveys were conducted during the austral winter of 2010. Changes in soil C were 209 

estimated at each site of the chronosequence from a pair of plots (400 m
2
) within the tree 210 

planting and in the adjacent pasture. The adjacent pastures, which continued to be grazed by 211 

stock and had fertilizer added, were sampled to determine differences in soil organic C 212 

between land uses, and to standardize for potential differences in soil characteristics and 213 

disturbance histories among the farms. Measurements in the pasture were used to indicate 214 

likely conditions at the reforestation plot if trees had not been planted and not as an estimate 215 

of conditions prior to establishment. The pasture plot was located ca 50 m from the planting 216 

to limit the influence of the trees, within the same field to minimise differences in previous 217 

land-use history and along the same contour to minimize differences in soil type. 218 

Samples were collected with a hand auger (diameter 4.2 cm) at random points across the 219 

plot. Sampling avoided the rip lines where bulk density was substantially lower because of 220 

the soil disturbance. This was considered to be representative sampling because rip lines 221 

covered < 10% of the area of a planting. Given that tree roots often concentrate in the looser 222 

soil of rip lines (e.g. Falkiner et al., 2006), we may have slightly under-estimated soil C 223 
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stocks for the tree plantings. At each sampling point, plant litter was collected destructively 224 

within a 25 × 25 cm quadrat. Plant litter was defined as any dead biomass that was < 25 mm 225 

in diameter and that could be detached with little force by hand from the ground layer. After 226 

litter was removed, soils were sampled at the centre of the quadrat from upper (0–5 cm) or 227 

lower (5–30 cm) soil layers, with five independent samples collected for each depth. This 228 

sampling intensity provides a representative sample of soil C in this region; the probability of 229 

estimating within 10% of mean at this level of sampling intensity is > 0.8 (see Cunningham et 230 

al., 2012). Additional samples were taken from three of the sampling points for each depth to 231 

measure bulk density. These were collected by gently tapping a steel cylinder (96 cm
3
) into 232 

the soil at the surface for upper soil samples and ca 20 cm depth for lower soil samples. All 233 

soil samples were placed into airtight plastic bags, immediately put on ice, and stored at 4 °C 234 

upon return to the laboratory. 235 

 236 

Chemical analyses for C stocks 237 

Gravimetric moisture was determined after drying ca 20 g subsample of moist soil at 105 
o
C 238 

for 48 h. The remainder of each sample was air dried, sieved to < 2 mm and roots ≥ 1 mm 239 

diameter were removed by manual dry picking for use in subsequent analyses for C and N 240 

content. Thoroughly mixed composite samples (20 g composed of ca 4 g from each soil 241 

sample) were used to measure pH for each site × land use × depth combination. Soil pH was 242 

measured using a conductivity meter (WP-81 meter, TDS, Australia) in a 1:5 soil-water 243 

suspension. Soils were acidic (pH = 4.5–6.1) indicating the absence of inorganic C and no 244 

need for other pre-processing of samples prior to CHN analysis (Slattery et al., 1999). A 5 g 245 

subsample was taken from each sample, plant fragments were removed and the soil was 246 

ground to a fine powder. Concentrations of C and N in each subsample were determined from 247 
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an accurately weighed subsample of 4–5 mg using catalytic combustion and thermal 248 

conductivity (vario MICRO cube, Elementar Analysensysteme GmbH, Hanau, Germany), 249 

with standards run after 40 samples. Bulk density samples were dried at 105 °C for 48 h and 250 

sieved to < 2 mm. Bulk density was calculated by dividing the oven-dried soil mass by the 251 

steel cylinder volume. Values of C and N concentration for each soil sample were converted 252 

to content (t ha
-1

) using the mean bulk density from the appropriate site × land use × depth 253 

samples and the dimensions of the cores. Plant litter samples were air-dried for two weeks, 254 

oven-dried at 60 °C for 48 h and weighed. 255 

 256 

Survey of soil C pools and nutrients 257 

From a subset of ten sites (Table S1), more detailed measurements of C pools and nutrients to 258 

a depth of 50 cm were taken from different land uses in the austral autumn of 2012. Land-use 259 

types were pastures, 10-yr-old, 18-yr-old and 30-yr-old mixed-species plantings, and remnant 260 

woodlands, with two sites for each type. Changes in soil variables were estimated at each site 261 

from four randomly established plots (400 m
2
) within the land-use type and the adjacent 262 

pasture. Within each of these sampling plots, five randomly located soil samples were 263 

collected from the 0-10 cm soil layer. The five 0-10 cm samples from each plot were bulked 264 

in the field and mixed thoroughly to create one soil sample per plot and four replicate 265 

samples per site. At the first sampling point in each plot, soil was sampled from the 10-25 cm 266 

and 25-50 cm layers. Samples from the three depths were then stored at 4 
o
C for transport 267 

back to the laboratory. 268 

 269 

  270 
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Chemical analyses for soil C pools and nutrients 271 

Soil samples were sieved to < 2 mm, a subsample was taken to determine moisture content, 272 

and the remainder was air dried and used in subsequent chemical analyses, as described 273 

above. Concentration of total C and total N was determined from accurately weighed 274 

subsamples of 0.4 g using dry combustion (Trumac CNS Analyser, LECO, St Joseph, 275 

Michigan, USA) from all three soil layers. Labile C was determined by the amount of C 276 

oxidized by permanganate using the procedure of Blair et al. (1995). Recalcitrant C was 277 

calculated from the difference between total C and labile C.  278 

From the surface (0-10 cm) soil samples, plant-available nutrients were determined 279 

colorimetrically using the following standard extractions (Rayment & Lyons, 2011). 280 

Available NH4
+
, NO3

-
, Al and S were extracted with 2M KCl, available P was extracted using 281 

the method of Colwell (1965), Ca, K and Mg were extracted using the method of Morgan 282 

(1941), Cu, Fe, Mn and Zn were extracted using diethylenetriaminepentaacetic acid (Lindsay 283 

& Norvell, 1978), B and Si using 0.01 M CaCl2, and Na using 1.0M ammonium acetate. The 284 

amount of H was determined by total titratable acid while pH and conductivity were 285 

estimated using a conductivity meter (WP-81 meter, TDS, Australia) in a 1:5 soil-water 286 

suspension. Concentrations of nutrients were converted to contents (t ha
-1

) in the surface soil 287 

using the bulk density calculated from the mass of < 2 mm soil in a core. 288 

 289 

Planting characteristics 290 

Characteristics of the plantings were estimated that were considered potential predictors of C 291 

stocks among the sites, which included climate variables, site productivity measures, planting 292 

dimensions, arrangement of trees and species mix (Table 1). Monthly climate data were 293 

obtained (Queensland Government, 2014) to estimate mean maximum temperature of the 294 
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growing season (spring to early autumn, MTGS lifetime) and mean rainfall over the lifetime 295 

of the planting as potential indicators of growth rates. Rainfall of planting year was 296 

calculated from the autumn of the planting year to the following summer because plantings 297 

predominantly were established in spring, so this period included an estimate of soil moisture 298 

at planting and into the first summer, providing a potential indicator of early recruitment 299 

success. A measure of site productivity was provided by the Forest Productivity Index, which 300 

was predicted by the process model 3-PG based on climate variables, soil variables and leaf 301 

area index (Kesteven et al., 2004). Riparian was included to test for potential differences in C 302 

sequestration between the tree plantings established along streams and the upland plantings. 303 

The area, length and width of the plantings, tree density, width between rows of trees (row 304 

width), and spacing between trees within a row (row spacing) were measured in the field and 305 

used as potential constraints on growth rates and, therefore, C sequestration. The proportion 306 

of total aboveground biomass made up of dead trees (% dead biomass) was calculated as an 307 

estimate of stress and mortality within a planting. The proportions of the basal area consisting 308 

of trees (% trees), of eucalypts (% eucalypts) and of acacias (% acacia) were used to 309 

determine how their dominance affected C sequestration. Similarly, the number of tree and 310 

shrub species (species richness), tree species, Eucalyptus species and Acacia species were 311 

included to investigate if species choices affected C sequestration. Basal area was used as a 312 

direct measure of the productivity of a tree planting for models of litter C and soil variables 313 

but not aboveground biomass C as this was calculated directly from basal area. Measures of 314 

the soil nutrients in the adjacent pasture (pasture soil C, pasture soil N) were included in 315 

models of soil variables within the tree planting as measures of the potential of a soil to 316 

sequester C, using values from the appropriate soil layer.  317 

 318 
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Statistical analyses 319 

The response variables were C stocks in the aboveground biomass, litter and soil pools, and 320 

the availability of soil nutrients after reforestation. Analyses of aboveground biomass and 321 

litter C were based on masses from the tree plantings due to the negligible masses (< 0.5 t C 322 

ha
-1

) of these components in the pastures. For the soil variables, the mean difference between 323 

forest and pasture at each site was calculated by subtracting the mean value for the adjacent 324 

pasture plot(s) from the individual sample values in the land-use change plot. For the pasture-325 

pasture pairs (i.e. no reforestation) in the soil C pools survey, we randomly allocated one site 326 

to the pasture category and the other site to the land-use change category. These comparisons 327 

between adjacent pasture sites provided an estimate of the inherent spatial variation in soil 328 

variables. 329 

Linear regression was used to determine the significance and rate of change in C stocks 330 

(aboveground biomass C, litter C and soil C in the various layers) with planting age. Boosted 331 

regression trees were used to explore if planting characteristics (Table 1) accounted for 332 

sources of residual variation not explained by planting age. Boosted regression trees are a 333 

type of machine learning that overcomes the inherent inaccuracies in seeking a single 334 

parsimonious model by constructing an ensemble of regression trees, which relate values of a 335 

response (leaves) to its predictors through a series of binary decisions or branches (Friedman, 336 

1991). They are known to select relevant environmental variables and predictions are 337 

generally superior to general linear models (Elith et al., 2006). Boosted regression trees were 338 

built using the ‘gbm’ package (Ridgeway, 2013) in R (R Development Core Team, 2010), 339 

with 10,000 trees built, a learning rate of 0.001, 50% of the data set selected randomly to 340 

build each tree, 75% of the selected data used for training and no interactions incorporated 341 

among variables. Results of boosted regression trees are presented by the relative influence of 342 
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each variable on the prediction of the response variable, which is calculated from the number 343 

of times it is used in the ensemble of trees and the improvement in model fit. For those 344 

predictor variables with a high relative influence (>> 10%), partial dependence plots were 345 

built, which showed the effect of a variable on the response after accounting for the mean 346 

effect of all other variables in the model. Changes in soil C pools and plant available nutrients 347 

following land-use change were explored with one-way ANOVA. The categorical variable 348 

was land-use type: pasture, 10-yr-old, 18-yr-old and 30-yr-old mixed-species plantings and 349 

remnant woodland. 350 

 351 

Results 352 

Changes in carbon stocks following reforestation 353 

There was a substantial amount of C sequestered in the aboveground biomass of the tree 354 

plantings, with 140.9 ± 17.4 t C ha
-1

 after 45 yr (x̄ ± SD, Fig. 2a). The mean rate of C 355 

sequestration in the aboveground biomass was estimated to be 3.09 ± 0.85 t C ha
-1

 yr
-1

. 356 

Within 20 yr, the aboveground biomass C of the tree plantings was similar to that of the 357 

remnant woodlands (53.3 ± 4.9 t C ha
-1

). There was a similar linear increase in litter C with 358 

planting age (Fig. 2b), with an annual mean rate of 0.18 ± 0.05 t C ha
-1

 yr
-1

. The tree 359 

plantings reached a comparable litter mass to the remnants (6.9 ± 1.0 t C ha
-1

) within 36 yr 360 

and contained 9.3 ± 3.0 t C ha
-1 

at 45 yr. 361 

Soil C did not show consistent changes over the 45 yr of the chronosequence, with no 362 

significant increase (P < 0.05) with planting age in either of the soil layers (0-5 cm and 5-30 363 

cm). The general response of soil C across the soil profile (0-30 cm) after reforestation was 364 

substantial variation (increases and decreases relative to the adjacent pasture) for the first 20 365 

yr followed by substantial increases at 45 yr (+13.7 ± 5.9 t C ha
-1

, Fig. 2c). Although there 366 
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were only two 45-yr-old plantings, this increase with age is supported by the substantially 367 

higher soil C in the remnant woodlands compared with their adjacent pastures (+36.6 ± 20.1 t 368 

C ha
-1

). There was a significant increase in the C:N ratio of the surface (0-5 cm) soil with 369 

planting age, which was consistent with the higher C:N ratio of the remnant woodlands 370 

compared with their adjacent pastures (Fig. 2d). 371 

 372 

Site characteristics associated with increased C sequestration 373 

Other characteristics of the tree plantings explained some of the variation in measures of C 374 

sequestration (Table 1). Total biomass C was positively associated with the density of trees 375 

(Fig. 3b), with a predicted mean increase of 20 t C ha
-1

 from 600 to 1000 trees ha
-1

. Litter C 376 

was influenced positively by the basal area of a planting (Fig. 3d), with a predicted increase 377 

of 1 t C ha
-1

 with an increase in basal area from 10 to 40 m
2 

ha
-1

. The increase in soil C (0-30 378 

cm) following reforestation was most strongly influenced by the total N content of the 379 

adjacent pasture soil and to a lesser extent by the Forest Productivity Index (Fig. 3e, f). A soil 380 

N content of ca 4 t ha
-1

 was predicted to be a threshold for C sequestration in soil following 381 

reforestation, with increases more likely below this value and decreases above (Fig. 3e). Sites 382 

with higher values of the Forest Productivity Index were predicted to be more likely to have 383 

increases in soil C (Fig. 3f). The C:N ratio of soil was more likely to increase in tree plantings 384 

with a higher basal area. There was little association between measures of C sequestration 385 

and climate variables, planting dimensions, arrangement of trees, species mix or being 386 

located in a riparian zone (Table 1). 387 

 388 

  389 
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Changes in soil C pools and nutrient availability following reforestation 390 

Changes in soil C following reforestation were found to be significantly different (P < 0.05) 391 

among the pastures, tree plantings and remnant woodlands in the surface soil (0-10 cm, Fig. 392 

4), but not in the deeper 10-25 cm and 25-50 cm soil layers (Tables 2, S2). The remnant 393 

woodlands had higher total C and C:N ratio in the surface soil relative to the adjacent 394 

pastures. The 30-yr-old plantings showed similar increases, but there was little evidence of 395 

changes in soil C in the 10 and 18-yr-old plantings and pastures (Fig. 4a, d). The same 396 

patterns were found for labile and recalcitrant C, with remnant woodlands having 397 

significantly higher contents than their adjacent pastures and 30-yr-old plantings having 398 

similar increases (Fig. 4b, c). All land uses (tree planting, remnant woodland and pasture) had 399 

similar differences to their adjacent pasture in the availability of macronutrients (N,
 
K, Ca, 400 

Mg, P and S) and micronutrients (Fe, B, Mn, Zn and Cu), content of plant toxins (Al, Si), 401 

acidity (pH, H) and salinity (conductivity) to that of the paired pastures (Tables 2, S2). 402 

 403 

Discussion 404 

Reforestation of agricultural pastures with native mixed-species plantings led to substantial 405 

increases in the amount of C stored in the plant biomass, litter and soil in as little as three 406 

decades. Carbon stored in the biomass and litter of the tree plantings reached amounts 407 

equivalent to remnant woodlands within the region after 20 yr and 36 yr, respectively (Fig. 408 

2). Soil C was slower to accumulate with increases relative to adjacent pastures observed 409 

only after 45 yr (Fig. 2). At 30 yr, the mixed-species plantings had increased the stability of 410 

the soil C store, with higher amounts of recalcitrant C and higher C:N ratios than in the 411 

adjacent pasture (Fig. 4). There was little evidence for associated changes in the availability 412 

of other soil nutrients after reforestation with native mixed-species plantings (Table 2). Our 413 
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survey suggested that rates of C sequestration in biomass and the litter layer following 414 

reforestation may be increased by planting trees at relatively high densities (up to 1,000 trees 415 

ha
-1

), while the rate of soil C sequestration may be increased by planting on more productive 416 

locations or on pastures with lower levels of N (Fig. 3). 417 

 418 

Rates and magnitudes of C sequestration in mixed-species plantings 419 

The aboveground biomass accumulation of 140.9 ± 17.4 t C ha
-1

 after 45 yr of reforestation 420 

(Fig. 2a) approaches that of temperate forests > 200 yr old (Pregitzer & Euskirchen, 2004). 421 

Temperate continental native forests and plantations in Asia are estimated to store an average 422 

of 120 and 200 t C ha
-1

, respectively (IPCC, 2006), although substantially larger amounts 423 

have been estimated for forests of southeastern Australia (Keith et al., 2010, Kilinc et al., 424 

2013). Carbon sequestration in the native mixed-species plantings was comparable to the 425 

regionally important plantation species Eucalyptus cladocalyx F. Muell., which can 426 

accumulate 117-129 t C ha
-1

 after 32-45 yr (Paul et al., 2008). The annual sequestration rate 427 

calculated from our chronosequence (3.1 ± 0.9 t C ha
-1

 yr
-1

, Fig. 2a) was comparable to that 428 

of young (< 10 yr) plantations of the widespread production species Eucalyptus globulus 429 

Labill. when grown in areas with a similar rainfall (3.8 t C ha
-1

 yr
-1

, Miehle et al., 2009). 430 

These biomass accumulation rates found in short-rotation plantations of production species 431 

are likely to decline if plantations are allowed to mature (ca 80 yr, Ryan et al., 1997). Native 432 

mixed-species plantings appear to be comparable to monoculture plantations for sequestering 433 

carbon in medium rainfall zones such as ours (400-800 mm yr
-1

). 434 

Within 20 yr, the mixed-species plantings reached similar amounts of aboveground 435 

biomass C to the remnant woodlands (53.3 ± 4.9 t C ha
-1

). Past selective logging of these 436 

woodlands has kept them developmentally restricted, with their current structure dominated 437 
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by small trees (median dbh = 15 ± 2 cm) with few large trees (maximum dbh = 63 ± 18 cm, 438 

3 large trees (dbh > 50 cm) ha
-1

) whereas remnant trees of up to 2 m diameter occur in fields 439 

and roadsides (unpublished observations). In contrast, the 45-year-old plantings were 440 

dominated by smaller trees (median dbh = 14 ± 6 cm) but had substantially more large trees 441 

(44 ± 10 large trees (dbh > 50 cm) ha
-1

). Therefore, remnant woodlands of the region have 442 

the capacity to accumulate substantially more biomass C (at least 120 t C ha
-1

) as they are 443 

released from this form of unsustainable harvesting. 444 

Substantial amounts of C were stored in the litter layer beneath the mixed-species 445 

plantings, with 9.3 ± 3.0 t C ha
-1

 after 45 yr (Fig. 2). This mass was larger than that measured 446 

in the remnant woodlands (2.9 ± 0.9 t C ha
-1

) but again this reflects the degraded state of the 447 

latter. A foothill forest dominated by the same eucalypt species and in the same region in 448 

which our study was conducted contained 46% more litter mass (13.6 ± 1.5 t C ha
-1

, Adams 449 

& Attiwill, 1986). These observations suggest that the litter layer of both the 45-yr-old 450 

plantings and remnant woodlands have the potential to accumulate more litter in the coming 451 

decades before reaching equilibrium. In contrast, regional plantations of E. cladocalyx only 452 

attained litter masses of 3.7 and 4.5 t C ha
-1

 at stands ages of 48 and 75 yr, respectively (Paul 453 

et al., 2008). 454 

In comparison to biomass and litter, which are more susceptible to disturbance (e.g. fire), 455 

soil generally provides a more stable C store and continues to accumulate C after forests 456 

reach maturity (Schulze et al., 2000). We found that reforestation with native mixed-species 457 

plantings on former pastures produced highly variable changes in soil C in the first three 458 

decades (Fig. 2c). Early increases in soil C may have been masked by differences in soil C 459 

content before planting and subsequent changes to contents in the adjacent pasture after 460 

planting. Ideally but rarely done, changes in soil C should be assessed by repeated surveys of 461 
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the same sites before and for a long time after reforestation (Poulton et al., 2003). Although 462 

only two mixed-species plantings > 33 yr were available for measurement, a consistent 463 

increase of 13.7 ± 4.9 t C ha
-1

 occurred at 45 yr, which was supported by the higher soil C 464 

content of the remnant woodlands to their adjacent pastures (Fig. 2c). Furthermore, the 465 

remnants are likely to be < 160 yr due to past widespread clearance and were selectively 466 

logged until recently, so they may have a potential to accumulate more soil C (Schulze et al., 467 

2000). Production plantations in the region are harvested predominantly before 45 yr, with 468 

no significant increase in soil C content after reforestation with E. globulus after 10 yr 469 

(Mendham et al., 2003) or E. cladocalyx after 26 yr (Harper et al., 2012). Harvesting of 470 

plantations leads to removal of biomass and losses of soil C, with losses from soil unlikely to 471 

recover during short rotations (Nave et al., 2010) and, therefore, leading to substantially less 472 

C sequestration than more permanent plantings. 473 

Meta-analyses have reported results that are consistent with our survey. A global meta-474 

analysis of reforestation showed that soil C concentration increased only after 30 yr (Paul et 475 

al., 2002). A review of reforestation, including predominantly data for Eucalyptus species in 476 

Australia, found little evidence for an increase in soil C concentration within 30 yr 477 

(Hoogmoed et al., 2012). A meta-analysis dominated by studies of young plantings (< 30 yr) 478 

of conifers in New Zealand found a 10% decrease in soil C content after reforestation of 479 

pasture (Guo & Gifford, 2002). No significant increase in soil C content after reforestation of 480 

pasture was recorded in a broader analysis of tree species and stand ages (Laganière et al., 481 

2010). The largest proportional increases in soil C after reforestation of pasture generally are 482 

found in lower rainfall areas (Berthrong et al., 2012, Guo & Gifford, 2002). Our results and 483 

the above findings suggest that increases in soil C following reforestation of pastures are 484 

more likely after 30 yr in medium rainfall zones (400-800 mm yr
-1

).  485 
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 486 

Stability of soil C and nutrient availability following reforestation 487 

Reforestation with native mixed-species planting increased the stability of soil C stocks after 488 

30 yr, with higher amounts of recalcitrant C and higher C:N ratios than the adjacent pasture 489 

soil (Fig. 3).  There was increased labile and recalcitrant C after 30 yr compared with the 490 

adjacent pasture in our chronosequence, a result corroborated by the significantly higher 491 

stocks in the remnant woodlands compared to their adjacent pastures (Fig. 4). Increases in 492 

soil C following reforestation can be substantial in the ‘light’ fraction of partly decayed 493 

material (Berthrong et al., 2012), whereas increases in the more recalcitrant ‘heavy’ fraction 494 

of humic material are uncommon. Increased amounts of recalcitrant soil C have only been 495 

shown in a 20-yr-old deciduous Quercus-Tilia planting (Del Galdo et al., 2003) but not in 496 

younger deciduous Poplar (De Gryze et al., 2004) or evergreen Eucalyptus-Acacia plantings 497 

(Kasel et al., 2011). Taken with our survey, these limited data suggest that recalcitrant C 498 

takes at least two decades to increase following reforestation. The C:N ratio of soils often 499 

increases after reforestation at a similar rate to recalcitrant C (e.g. Cunningham et al., 2012, 500 

De Gryze et al., 2004), which suggests reduced decomposition and increased stability of soil 501 

C. The substantially higher amounts of recalcitrant C and higher C:N ratios in forests than on 502 

agricultural lands (De Gryze et al., 2004, Murty et al., 2002) support the future potential of 503 

these developing plantings to increase and stabilize the soil C stock. Physical protection of 504 

soil C may be as important as its molecular form (Dungait et al., 2012) and reforestation can 505 

improve aggregate stability within 20 yr (Saha et al., 2007). 506 

There were no significant changes in nutrient availability following the early development 507 

(10-30 yr) of tree plantings on former pastures (Table 2). Decreases in soil N are expected 508 

due to uptake by trees, shrubs and soil microbes (Berthrong et al., 2009) and the cessation of 509 
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agricultural inputs. Pastures of the region generally were unimproved, as were our surveyed 510 

farms, with no fertilizer additions or N-fixing legumes and consequently had relatively low 511 

soil N (3.3 ± 1.9 t ha
-1

), making large decreases following reforestation less likely. 512 

Reforestation can result in substantial translocation of base cations (Ca, K and Mg) from the 513 

soil to biomass and salt (Na) from ground water to surface soils, resulting in soil acidification 514 

and salinization, respectively (Berthrong et al., 2009). No such effects were found after 30 yr 515 

of reforestation with native mixed-species plantings (Table 2). Our farms were deliberately 516 

chosen to not have shallow, saline water tables. A lack of soil acidification in our survey was 517 

consistent with significant acidification following reforestation with Eucalyptus only 518 

occurring in higher rainfall areas (1100-4600 mm yr
-1

, Berthrong et al., 2009) and there being 519 

little difference in acidity between pastures and forests of the region (Prosser et al., 1993). 520 

 521 

Establishment choices to increase C sequestration 522 

Growth and hence C sequestration are influenced by choices made during the establishment 523 

of tree plantings. First, where trees are planted (climate and nutrients) will determine the rate 524 

of C sequestration. On a global scale, productivity of forests tends to increase with water 525 

availability, temperature (Churkina & Running, 1998) and nutrient availability (e.g. N 526 

mineralization, Schimel et al., 1996), with higher C sequestration in warmer, wetter and more 527 

nutrient-rich environments (Laganière et al., 2010, Paul et al., 2002). We found no 528 

association between biomass accumulation and climate variables (Table 1), which was not 529 

unexpected given the small differences in climate among farms (annual maximum 530 

temperature = 20.2-22.3 °C, annual precipitation = 570-715 mm yr
-1

). Soil C sequestration 531 

was negatively associated with soil N in the adjacent pastures (Fig. 2e), suggesting that 532 

reforestation of more productive pasture leads to a loss in soil C in the first 30 yr following 533 
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reforestation. More productive pastures are likely to have high initial soil C, potentially 534 

increasing the losses in soil C observed in early decades after reforestation (Paul et al., 2002). 535 

The capacity of the land to grow trees, estimated by the Forest Productivity Index (Kesteven 536 

et al., 2004), was related positively to increases in soil C following reforestation (Fig. 2f), 537 

supporting the silvicultural approach of planting trees on productive land to maximize 538 

biomass accumulation (West, 2013). Habitat features associated with large trees often are rare 539 

in agricultural regions, so reforestation on the most productive sites may accelerate 540 

development. Planting in the riparian zone, where water availability is higher, had negligible 541 

influence on C sequestration in native mixed-species plantings (Table 1). Although riparian 542 

plantings increase C stocks (Smith et al., 2012), our survey suggested that the rates of 543 

sequestration were no faster than upland plantings. 544 

The choice of species in tree plantings is important in C sequestration. Monocultures of 545 

production trees generally accumulate biomass faster than native tree species due to tree 546 

breeding and silviculture (Paquette & Messier, 2010). Some sets of tree species will 547 

accumulate similar amounts or more biomass when planted as a mixture than when planted in 548 

monocultures (Hulvey et al., 2013). In general, the largest increases in soil C are found after 549 

reforestation with broadleaf species (27%), with intermediate responses under eucalypts 550 

(12%) and little change under conifers (2%, Laganière et al., 2010). Plantings that include 551 

nitrogen-fixing tree species can have higher productivity (Forrester et al., 2006) and higher 552 

retention of original soil C stocks (Resh et al., 2002). For example, higher soil C content 553 

occurs when the N-fixing tree Acacia mearnsii De Wild. is included in plantations of E. 554 

globulus (Forrester et al., 2013) and in native mixed-species plantings (Kasel et al., 2011). 555 

However, the use of N-fixing trees does not necessarily ensure increased soil C sequestration 556 

because the effect depends on species and location (Hoogmoed et al., 2014). 557 
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The lack of a species effect on C sequestration in our chronosequence (i.e. richness or 558 

abundance of taxa) suggests an inherent capacity of these medium rainfall (400-800 mm yr
-1

) 559 

locations to sequester C. This is consistent with the theory that the optimal leaf area or basal 560 

area is determined by the water availability of an area (Hatton et al., 1997). Consequently, 561 

although production species may accumulate aboveground biomass faster, with an associated 562 

higher water use, than native mixed-species planting, C sequestration in the long-term will be 563 

similar, with water stress moderating the productivity of plantation species. Furthermore, 564 

native mixed-species plantings are likely to be more self-sustaining in the coming decades 565 

and centuries than production species because of the long-term adaptation of the component 566 

species to the regional climate and disturbances (e.g. fire, drought, herbivory). Some Acacia 567 

species in the plantings (e.g. Acacia dealbata) recruited prolifically from root suckers during 568 

a recent extended drought (1997-2010). Developing (< 20 yr) native mixed-species plantings 569 

in a nearby region showed rapid recovery of structure and cover, with no loss of species, 570 

within 5 yr of fire (Pickup et al., 2013). 571 

Planting configuration is an important determinant of the resultant forest structure and C 572 

accumulation. It is well-established that increasing tree density leads to higher biomass 573 

production but overcrowding produces trees with smaller stem and crown diameters, and 574 

accelerates tree death due to competition (West, 2013). We found increases in biomass C 575 

with increases of density up to 1,000 tree ha
-1

 (Fig. 2b), which is the density that increases 576 

growth rates and survival of trees during drought periods in nearby regions (Horner et al., 577 

2009). A density of 1,000 tree ha
-1

 may be desirable for C sequestration and other benefits 578 

such as reduced soil erosion and improved water quality but high densities can substantially 579 

reduce runoff and provide poorer habitat for native plants and animals (Cunningham et al., in 580 

review). Controlling for planting age, a higher basal area increased litter C and the C:N ratio 581 
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of the soil (Table 1), which is consistent with litterfall, litter inputs to soil and uptake of N 582 

increasing with biomass (Lonsdale, 1988).   583 

 584 

Conclusions 585 

Policy responses to global changes in climate increasingly favour the planting of trees to 586 

sequester and store atmospheric carbon. There is the potential for considerable biodiversity 587 

benefits from reforestation when native mixed-species plantings are used. However, there has 588 

been relatively little study of the capacity of these kinds of plantings to sequester carbon, and 589 

limited understanding of the time scales and environmental variables that may influence rates 590 

of sequestration. Our survey of an extended chronosequence of reforested pastures (5-45 yr) 591 

suggests that reforestation with native mixed-species plantings is an effective alternative for 592 

sequestering carbon to plantations of production species in medium rainfall (400-800 mm yr
-

593 

1
) regions. Carbon sequestration after 45 yr (biomass = + 141 t C ha

-1
, litter = + 9 t C ha

-1
, soil 594 

= + 14 t C ha
-1

) was comparable to the production species planted in the region. These mixed-595 

species plantings showed signs of increased stability of soil C stocks within 30 yr and no 596 

negative effects on nutrient availability, acidity or salinity in the soil. Carbon sequestration in 597 

future plantings of native mixed-species is likely to be increased by planting at moderate 598 

densities (1,000 tree ha
-1

), resulting in higher basal areas. The largest gains in soil C after 599 

reforestation with native mixed-species plantings are likely to be on more degraded pastures 600 

in more productive regions (based on climate and soil type). In medium rainfall regions of 601 

temperate continental climates, native mixed-species plantings present an effective alternative 602 

for carbon sequestration to monocultures of production species due to their additional 603 

biodiversity benefits, including developing a variety of habitat structures that promote 604 
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colonization by native plants and animals, to the expected changes to C and water cycling 605 

when trees are planted. 606 
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Table 1  Relative influence of planting variables in boosted regression trees for total biomass C, 828 

litter C, and the change (∆, planting – pasture) in soil C and C:N. Variables with substantial 829 
influence (» 10%) are indicated in bold. Nutrient in the adjacent pasture were only included in 830 
trees for soil C and C:N. Plantings variables that were known to have direct relationships with the 831 
response variable were excluded (e.g. basal area was used to calculate biomass C). 832 

 Relative influence in tree 

Variable biomass C Litter C 

∆ soil C 

(0-30 cm) 

∆ C:N 

(0-5 cm) 

Planting age (yr) 47.56 38.52 6.68 18.28 

Mean temp. growing season over 7.09 2.05 1.80 4.34 

Mean rainfall over lifetime (mm yr
-1

) 5.93 7.95 2.72 5.37 

Rainfall planting year (mm) 2.08 1.04 2.11 6.14 

Forest Productivity Index 4.81 1.86 13.30 0.85 

Potential available water top 1 m 0.95 1.95 0.74 4.87 

Riparian 0.09 0.00 0.34 0.05 

Pasture soil N, 0-30 cm (t ha
-1

)   24.79  

Pasture soil C, 0-30 cm (t ha
-1

)   8.54  

Pasture soil N, 0-5 cm (t ha
-1

)    2.63 

Pasture soil C, 0-5 cm (t ha
-1

)    1.84 

Litter mass (t ha
-1

)   1.35 4.59 

Planting area (ha) 0.75 2.00 1.49 1.57 

Planting length (m) 4.25 0.38 3.88 1.08 

Planting width (m) 3.14 1.77 3.36 1.17 

Basal area (m
2
 ha

-1
)
 

 19.02 0.90 20.27 

Density (trees ha
-1

) 9.60 1.89 1.44 1.12 

Row width (m) 1.62 4.80 3.14 5.83 

Row spacing (m) 1.01 1.61 7.17 0.53 

% dead biomass 2.00 5.16 3.26 2.81 

% trees 2.72 1.91 2.08 0.14 

% Eucalyptus 2.80 1.08 1.10 5.19 

% Acacia 1.50 0.00 2.13 0.53 

Species richness 0.65 0.86 0.40 1.89 

No. of tree species 0.71 4.48 0.95 2.92 

No. of Eucalyptus species 0.41 1.67 1.62 5.79 

No. of Acacia species 0.33 0.00 4.72 0.20 
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Table 2  Results of one-way ANOVAs comparing changes (land-use – adjacent pasture) in 834 

soil variables among different land uses (pasture, 10-yr-old plantings, 18-yr-old plantings, 30-835 

yr-old plantings and remnant woodlands. N = 2 sites per land use and d.f. = 4. Significant 836 

differences among land uses are indicated in bold. 837 

 

Variable F P 

Surface soil (0-10 cm)   

Total  C 8.49 0.02 

Labile C 7.65 0.02 

Recalcitrant C 7.99 0.02 

Total  N 3.91 0.08 

C:N 54.98 < 0.01 

NH4
+ 0.29 0.88 

NO3
- 

0.20 0.93 

K 1.13 0.44 

Ca 0.52 0.73 

Mg 0.62 0.67 

P 0.57 0.70 

S 2.65 0.16 

Fe 2.76 0.15 

B 1.38 0.36 

Mn 0.88 0.54 

Zn 0.90 0.53 

Cu 0.82 0.56 

Na 1.09 0.45 

Si 3.63 0.09 

H
 

0.53 0.72 

Al 0.74 0.60 

Conductivity 1.34 0.37 

pH 0.14 0.96 

Total soil profile (0-50 cm)   

Total C 1.81 0.26 

Labile C 1.11 0.44 

Recalcitrant C 1.87 0.25 

Total  N 0.34 0.85 

C:N 1.76 0.27 

838 
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Fig. 1  Schematic of carbon stocks in fields and mature forests illustrating the potential for 839 

carbon sequestration after reforestation of agricultural land. NPP = net primary production. 840 

Estimates for stocks and NPP are given in brackets and were calculated from the following 841 

sources: 
a
 Lal, 2004; 

b
 Pan et al., 2011; 

c
 Bondeau et al. 2007; 

d
 Pregitzer and Euskirchen, 842 

2004. 843 

 

Fig. 2  Relationship between planting age and a) aboveground (AG) biomass C, b) litter C, c) 844 

change (∆, land-use – adjacent pasture) in soil C content and d) change in C:N ratio across 845 

the chronosequence (N = 36 plantings). Values for the three remnant woodlands (REM, °) are 846 

included for comparison. Solid lines are linear regressions with the 95% confidence intervals 847 

indicated by dashed lines. For soil variables, the horizontal dashed line indicates the 848 

boundary between decreases and increases relative to the adjacent pasture. 849 

 

Fig. 3  Planting variables with a high relative influence (>> 10%) on the boosted regression 850 

tree for biomass C (a, c), litter C (b, d), change (∆, planting – pasture) in soil C (0-30 cm, e,f) 851 

and change in C:N (0-5 cm, g,h). N = 36 plantings. 852 

 

Fig. 4  Changes (∆, land-use – adjacent pasture) in characteristics of the surface soil (0-10 853 

cm) including a) total C, b) labile C, c) recalcitrant C and d) C:N ratio. Land uses include 854 

pastures (PAS), 10-year-old plantings (P10), 18-year-old plantings (P18), 30-year-old 855 

plantings (P30) and remnant woodlands (REM). Values are means of 2 sites with standard 856 

errors, and results of one-way ANOVAs are provided. The dashed line indicates the boundary 857 

between decreases and increases relative to the adjacent pasture. 858 

  859 
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Fig. 1  Schematic of carbon stocks in fields and mature forests illustrating the potential for 860 

carbon sequestration after reforestation of agricultural land. NPP = net primary production. 861 

Estimates for stocks and NPP are given in brackets and were calculated from the following 862 

sources: 
a
 Lal, 2004; 

b
 Pan et al., 2011; 

c
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d
 Pregitzer and Euskirchen, 863 
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Fig. 2  Relationship between planting age and a) 

aboveground (AG) biomass C, b) litter C, c) 

change (∆, land-use – adjacent pasture) in soil C 

content and d) change in C:N ratio across the 

chronosequence 

(N = 36 plantings). Values for the three remnant 

woodlands (REM, °) are included for comparison. 

Solid lines are linear regressions with the 95% 

confidence intervals indicated by dashed lines. For 

soil variables, the horizontal dashed line indicates 

the boundary between decreases and increases 
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Fig. 3  Planting variables with a high relative influence (>> 10%) on the boosted regression 865 

trees for biomass C (a, b), litter C (c, d), change (∆, planting – pasture) in soil C (0-30 cm, e, 866 

f) and change in C:N (0-5 cm, g, h). N = 36 plantings. These are partial dependence plots, 867 

which show the effect of a planting variable on a C pool after accounting for the mean effect 868 

of all other variables in the ensemble tree.  869 
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Fig. 4  Changes (∆, land-use – adjacent pasture) in 

characteristics of the surface soil (0-10 cm) 

including a) total C, b) labile C, c) recalcitrant C 

and d) C:N ratio. Land uses include pastures 

(PAS), 10-year-old plantings (P10), 18-year-old 

plantings (P20), 30-year-old plantings (P30) and 

remnant woodlands (REM). Values are means of 2 

sites with standard errors, and results of one-way 

ANOVAs are provided. The dashed line indicates 

the boundary between decreases and increases 

relative to the adjacent pasture. 

Page 42 of 42Global Change Biology


