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Scotland is continuing to afforest land in order to combat climate change, but the
long-term capacity for carbon sequestration in forest soils is still uncertain. Here we
present measurements that provide comparative estimates of soil organic carbon
in grassland and forestry sites at steady state. We develop a new approach to
interpret these values based on simulation of organic carbon turnover in soils that are
accumulating carbon and use this to determine losses due to management operations
associated with afforestation of grassland and deforestation/reforestation of forest
stands. Soil organic carbon stock changes were studied in a >120 year-old Scots
pine chronosequence and adjacent grassland sites on podzolic soils. Significant carbon
accumulation was measured in the top organic soil horizons with forest age, while
no changes were noted in the deeper mineral soil horizons. The simulations with the
RothC-26.3 model revealed that pine forests on sandy soils could lose a significant
amount of soil organic carbon through management operations. The lowest modeled
stocks of soil organic carbon were not in the young sites (0–25 years old), but at 43
years since reforestation. Using measured data from our study site, the simulations
of grassland afforestation suggested that accumulation of organic carbon under forest
occurs mainly in the organic horizons, while the deeper sandy mineral soil horizons are
likely to become depleted in organic carbon compared to grasslands. Our simulations
suggest that afforestation of grasslands would increase overall soil carbon stocks but
may deplete the more stable carbon pools in the deeper mineral horizons of the podzols.
Keywords: soil organic carbon (SOC), forest, pine, afforestation, RothC model, Scotland, sandy acidic soils

INTRODUCTION
Soils have a key role in global carbon (C) cycling as they contain two times more C than the
atmosphere (Smith et al., 2008). In forest ecosystems only 30% of C is situated above ground
(Vanguelova et al., 2013). Soil studies are needed to build process based understanding on the
changes in soil organic C (SOC) with land use and management, and in response to climatic
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conditions, that can be used for large scale simulations (Meir
et al., 2006; Wiesmeier et al., 2019). Changes in SOC in forest
systems are harder to investigate than in arable or grassland
systems because management can affect deep soil layers and
continue to change for decades to centuries (Hobbie et al., 2013;
Poeplau and Don, 2013). A large body of scientific literature has
focused on land use change from grassland to forests and vice
versa (Nave et al., 2013; Bárcena et al., 2014), but less attention
has been dedicated to comparison of SOC in grasslands and
forest that have reached steady state (e.g., Buchholz et al., 2014).
In addition, most soil inventories and modeling studies have
investigated changes in the top soil and very few have investigated
changes in SOC in the deep soil (Janssens et al., 2004; Smith
et al., 2005; De Vos et al., 2015; Chen et al., 2019). There is a
need for further quantification of the potential of forests at steady
state and deeper in the soil profile to act as a store of SOC in
comparison to common agricultural land uses.
Long term observations provide the most detailed and reliable
information about management effects on forest SOC (Jandl
et al., 2014). However, systematic, repeated forest soil surveys are
rare due to the high financial costs and time required to provide
substantial results (Richter et al., 2007; Smith et al., 2012). A
“chronosequence” approach provides a way to overcome these
issues by employing single observations across a gradient of ages
in otherwise identical plots (Fukami and Wardle, 2005). This
approach has been applied in a number of forest SOC studies
in the UK and worldwide (Zerva et al., 2005; Benham et al.,
2012; Reidy and Bolger, 2013; Ashwood et al., 2019; Bastin et al.,
2019; Vanguelova et al., 2019). The main challenge in applying
this method lays in the identification of sufficiently similar plots
(Jandl et al., 2014).
In Scotland, it is especially challenging to find woodlands
that have not been converted to other land use types as, at the
start of the twentieth century, forest cover was reduced to <5%
(Smout, 2003). The largest ancient Scottish woodlands are in
the Scottish Highlands and are comprised mainly of the native
Scots pine (Pinus sylvestris) (Summers et al., 1999), which is the
only naturally occurring commercial conifer species in the UK
(Forest Research, 2018). The current major productive conifer
species, Sitka spruce (Picea sitchensis), shows less tolerance to
projected future climatic conditions for Scotland, so Scots pine
could be the best choice for future forest restocking (Mason
et al., 2011). The Scottish government has announced plans to
increase forest cover to 21% by year 2032 and plant 3,000–5,000
ha of native species forest every year (The Scottish Government,
2019); Scots pine is likely to be one of the main species used for
this afforestation.
The Scottish government was committed to reducing
greenhouse gas (GHG) emissions by 42% by the year 2020
compared to the baseline year, 1990 (Scotland, 2009) and has
exceeded this target, already reducing emissions by 47% in 2019
(Committee on Climate Change, 2019). Currently, the forestry
sector is the only land use that delivers consistently negative
GHG emissions (The Scottish Government, 2018). Therefore,
it is very important to account for all GHG emissions as well
as SOC sequestration in this sector. Current forest C balances
involve extensive forest above-ground growth simulations, but
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until recently, estimates of changes in soil C have been based on
simplistic models and there have been limited efforts to improve
the representation of the soil C dynamics (Brown et al., 2019).
Forest soil heterogeneity is substantial, and large scale soil C
stock assessments are very labor intensive (Härkönen et al., 2011).
Currently, forest soils in Scotland are monitored on a 10 km
grid and 25% of forest plots (179 out of total 721 plots) were
revisited from 2007 to 2009 after ∼25 years (Chapman et al.,
2013). Current resurvey by the Scottish Soil Survey of 39 conifer
sites which have been afforested during the last 30–40 years also
provides estimates of changes in SOC due to afforestation (Lilly
et al., 2016). However, evidence on below-ground changes in SOC
induced by forest management and extending beyond common
forest rotation age is scarce. Providing site-specific measurements
of long-term forest SOC dynamics could provide a solid basis
to improve the reliability of simulations of changes in SOC
and could offer better estimates of future C sequestration in
forest soils.
In this study we aimed to evaluate changes in SOC in surface
and sub-soils in a permanent pine forest chronosequence in
Scotland. In order to provide a comparison with the other
common land use type, we selected adjacent permanent rough
grazed grassland sites and used measurements at these sites
to simulate SOC turnover under forest growth using the wellestablished RothC-26.3 model (Coleman and Jenkinson, 1996).

METHODS
Site Description and Management History
Rothiemurhus Estate and Glenmore National Nature Reserve
(NNR) (57◦ 17′ N, −3◦ 73′ W) are part of a continuous chain of
Scots pine forest that stretches from Glen Feshie in the southwest to Abernethy Forest NNR in the north-east of Scotland,
forming the largest area of natural pine forest in Scotland
(Figure 1). Rothiemurhus estate has been owned by the Gordon
family since 1580 (Smout et al., 2007). Glenmore NNR was
a part of this property until 1923 when it was acquired by
the Forestry Commission (Macpherson Grant, 1975). Glenmore
NNR is classified as an Ancient Woodland with ∼1,700 ha
planted with Scots pine on the ancient woodland sites and
∼200 ha under semi-natural pinewoods, while the Rothiemurhus
estate has ∼900 semi-natural pinewoods and ∼200 ha Scots pine
plantations (Cairngorms National Park Authority, 2015).
Pollen from the sediments in the lake, Loch Molrich, show
that pine has colonized these woodlands for around 8000 years
(Brown and O’Suillivain, 1975). However, most of the ancient
pinewoods in Scotland have been cut, burnt and grazed by sheep
or cattle over a long period of time (Summers et al., 1999). In
this area, the first reference to forest exploitation dates to 1226
and indicates that the forest was used for hunting and selective
felling, which in turn has promoted the pines. In the eighteenth
century, the forest was more mixed than it is now, with native
broadleaved species; birch (Betula sp.), hazel (Corylus avellana)
and poplar (Populus tremulus) (Smout et al., 2007). Larger
scale forest exploitation operations started in the mid-eighteenth
century, when several timber sale contracts were secured by the
land owners and later continued by producing wooden pipes and
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FIGURE 1 | Glenmore NNR and Rothiemurhus estate semi-natural pine forests. Age class represents planting age or age estimated from tree boring and diameter at
a breast height: young–0–25, mature–25–80, ancient >120 years old. Three soil pits are on non-forest land, as they were excavated in the adjacent grassland
(black triangle).

supplying materials for the shipbuilding industry. By the start
of nineteenth century all mature and easily accessible pine had
been harvested, and the forest was left for natural regeneration;
no serious forest reconstruction work was undertaken (Fraser
and Innes, 1975; Smout et al., 2007). Two further intensive
exploitation periods occurred during the two World Wars. After
the Forestry Commission acquired Glenmore NNR, enclosed
planting of Scots pine, Sitka spruce, Norway spruce (Picea abies)
and Lodgepole pine (Pinus contorta) took place (Edwards and
Mason, 2006). The Rothiemurhus estate used the deforested areas
for sheep grazing before allowing natural pinewood regeneration
to take place with some non-native conifer plantations in the
Northern and South Western parts (Smout and Lambert, 1999).
By the 1990’s, the previous exploitation history left Rothiemurhus
estate and Glenmore NNR with mature plantations of Scots pine
on the drier slopes and morainic knolls, exotic species on the
wetter grounds, and scattered, mixed age, semi-natural Scots pine
stands in other areas (Edwards and Mason, 2006). Since then, the
mature exotic species plantations have been, and continue to be,
harvested and replaced with naturally regenerating stands.
A second management approach being used involves delayed
thinning in the mature Scots pine plantations to move to a
non-clear-felling regime in the future (pers. comm. Brian Duff,
site manager). The semi-natural stands in both estates contain
individual pine trees that are over 250 years old (Balharry, 1975).
In the pinewoods, birch and juniper (Juniperus communis) occur

Frontiers in Environmental Science | www.frontiersin.org

in the understory; at the ground level the most common species
are heather (Calluna vulgaris), bilberry (Vaccinium myrtillus),
lingonberry (Vaccinium vitis-idaea) and a deep (10–20 cm)
bryophyte horizon (Walton, 1975; Edwards and Mason, 2006).
The forest soils at the site have developed after the last
glaciation period, and the pine forests are mainly situated on
podzols that formed from glacial granitic drift of the Central
Highlands. The mineral soil is predominantly sand and gravel
with a very low clay content, due to the past washing by glacial
melt water, and an indurated C horizon (Edwards and Mason,
2006; Watson, 2012). The Glenmore valley and Rothiemurhus
estate experience a more continental climate, due to shielding
by the western mountain range. The area experiences severe
winters and relatively low rainfall (1,000–1,100 mm) (Edwards
and Mason, 2006). The long term average annual temperature
range is 5–19◦ C, with a minimum annual temperature ranging
from −25to −31◦ C (Haylock et al., 2008).

Site Selection and Sampling Approach
Sites were selected where historical maps indicated the same
previous land use, to ensure continuity and minimize the risk
of major disturbance. To minimize soil variability, all sites had
oxic conditions due to free draining moraine and lower water
tables. They were situated at the bottom of a valley or on a slope of
<6% facing south. All forest sites were classifies as podzols, with
organic layer which consisted of L (litter), F (fragmentation) and
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density samples were dried at 105◦ C in a forced air cabinet
until they reached a stable weight, sieved through 2 mm sieve,
stones were separated, and stone volume and density were
calculated. Particle size was analyzed at the Institut National
de la Recherche Agronomique Laboratoire d’Analyse des solis
(INRA) by the wet sieving and sedimentation method (ISO,
2009).

H (humification), while Grassland sites were on cambisols (FAO,
2015). The distances between sites were variable. If possible,
adjacent sites of different ages were selected, in this manner
forming clusters with similar soil conditions. The most distant
sites were situated ∼8 km apart. The elevation of the sites varied
from 230 to 420 m above sea level. All sampling sites (n = 19)
were at least 30 m from the main road and at least 15 m from
the stand edge to avoid edge effects (Vanguelova et al., 2016).
In the Glenmore NNR, plots had previously been evaluated
for yield class by Edwards and Christie (1981); over-mature
plots (referred to hereafter as “ancient” to avoid confusion with
“mature” sites, n = 5) were growing between 2 and 6 m3 ha−1
year−1 (>100 years with variable age regrowth), while the mature
(>25 and <80 years, n = 6) and young (<25 years, n = 5) stands
were growing between 6 and 8 m3 ha−1 year−1 . There was no
similar information available for the Rothiemurhus estate, so we
assumed similar growth rates throughout the forest stands of the
same age. The ancient sites had variable ground cover and mixed
age trees (20–200 years old). The sampling pits were located close
to the oldest trees to avoid the disturbed patches in the stand.
Grassland sites (n = 3) were selected as close as possible to the
forest sites to ensure similar drainage and soil conditions. The
pits were located minimum 20 m from the grassland edge to avoid
forest border effect.
To facilitate more accurate description of the depths of the
organic layers, at every forest site, peat horizon depth (F and
H horizons) was measured 20 times (Kristensen et al., 2015),
taking five measurement using a hand-held peat probe at 10 m
intervals, starting from each side of the soil pit. The soil was
sampled by excavating one soil pit per site, cleaning three pit
sides and taking bulked samples from the identified horizons;
fragmentation (F), humification (H), topsoil (Ah), eluviated (E),
and subsoil (Bhs). Grassland soil was sampled in a similar way.
However, organic horizons were not present and the mineral
horizon types were different (see Supplementary Figures 1, 2
and Table 1). The excavation was stopped if large stones were
encountered or an indurated soil was reached. Mineral horizon
bulk density (BD) was measured by hammering a 100 cm3 steel
ring into the middle of each soil horizon. If horizon width
permitted, five samples were taken from each horizon; otherwise
the horizon was sampled, and rings repacked with soil in the
laboratory. Organic soil BD was measured by cutting out three
peat blocks that would fill a core of dimensions 5 × 8 × 20 cm.

Equivalent Mass Calculation
Forest mineral soil had considerable differences in BD between
sites, and in some sites, the indurated mineral soil B3 horizon
was not reached due to the large stones. Therefore, forest
SOC stocks were recalculated using equivalent soil mass (Ellert
and Bettany, 1995). Equivalent mass calculations were not
needed for the organic soil horizons as, in all the sampling
sites, the full depth of organic horizons was sampled. The
ancient sites were chosen to serve as a reference soil mass
in each horizon (used as a basis to compare different sites).
The reference mass horizons were fixed from the average soil
mass of the horizons at those sites, 46.4 Mg ha−1 in the Ah
horizon, 338 Mg ha−1 in E horizon, and 2,555 Mg ha−1 in
Bhs horizon. If the calculation of equivalent mass resulted in
the soil exceeding that in the measured Bhs horizon depth, it
was assumed that below this the SOC content and BD were
equivalent to the Bhs horizon. The SOC stocks, SOCst (Mg ha−1 ),
for individual horizons were calculated using the percentage
SOC content, PC (%), from the bulk horizon sample, the fine
earth fraction bulk density, BDf (kg m−3 ) and the horizon
thickness D (m):
SOCst =

(1)

The total SOC stock was calculated by adding all the horizons
measured in one pit.

Statistical Analysis
Forest soil descriptive characteristics (pH, organic and mineral
horizon BD, depth and clay content in the mineral soil) were used
as response variables, and differences due to forest age and soil
horizon were analyzed using linear mixed effects models (LME)
(Pinheiro et al., 2007, 2017). Linear mixed effects models are
very useful for disentangling the effects of non-independence of
samples, in this case due to sampling horizons from the same
pit. A distinct Ah horizon was present in only some of the forest
soil profiles, so it was removed from the BD statistical analysis.
Mineral horizon width and clay content were transformed using
natural logarithms to improve the homogeneity of residuals. Site
geographical positioning system (GPS) coordinates (transformed
into Universal Transverse Mercator) were used to account for
spatial correlation, assuming a spherical correlation function
to account for the distance between the soil pits. For this, a
random noise was assigned to the measured coordinates (due to
repetition of coordinates for measurements taken from the same
pit) (Bivand and Lewin-Koh, 2015). The random effects part of
the model was used to account for clustering of measurement
values caused by sampling all horizons in one pit (Zuur et al.,
2011). Both forest age and soil horizon effects were included as

Sample Preparation and Chemical Analysis
Mineral soil samples were dried at 35◦ C in a forced air cabinet,
gently crushed and sieved with a standard 2 mm sieve to remove
stones and roots, while organic soil samples were dried and
crushed to enable sample homogenization. The pH of the soil
was measured using 0.01 M CaCl2 (soil to solution ratio of 1:5).
Dried soil sub-samples were ground in a ball mill (RETSCH
MM200, Retsch, Haan, Germany), and total C was measured
by combustion in an elemental analyser (Elemental analyser,
NA 2500, CE instruments, UK). Both mineral and organic
soils were highly acidic, ranging from pH 2.7 to 4.5, so no
inorganic C removal was required as soils below pH 4.8 are
usually carbonate free (Angst et al., 2018). Fine earth bulk
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TABLE 1 | Mean physical and chemical soil attributes of grassland and forest sites for the whole soil profile (±95% confidence intervals of the mean).
Land use

Age

n

Forest

YNG

5

Horizon name

SOC %

Horizon width cm

Annual

Sand %

76 (±13.0)

46.1 (±8.3)

3.7 (±3.4)

3 (±0.1)

47.4 (±2.7)

10.5 (±2.3)

2.8 (±0.1)

0.2 (±0)

Ah

11.2 (±4.4)

0.7 (±0.3)

2.9 (±0.2)

0.5 (±0.2)

6.1 (±3.9)

E

1.4 (±0.8)

3.8 (±2.8)

3.3 (±0.1)

0.9 (±0.2)

4.2 (±1.3)

73.6 (±4)

Bhs

2.3 (±1.2)

40.5 (±11.8)

4.3 (±0.1)

0.8 (±0.2)

3.6 (±1.2)

78.6 (±3.9)

F

48.1 (±5.1)

3.8 (±1.4)

3 (±0.3)

0.1 (±0)

H

49.6 (±2.8)

10.1 (±1.9)

2.7 (±0.2)

0.1 (±0)

Ah

25.3 (±15.4)

1.1 (±1.4)

2.7 (±0.4)

0.6 (±0.6)

16.1 (±15)

58 (±15.6)

E

2.3 (±2.5)

3.1 (±1.7)

3.3 (±0.3)

0.9 (±0.3)

4.5 (±3.1)

77 (±6.4)

Bhs

1.4 (±1)

47.1 (±26.5)

4.1 (±0.3)

0.8 (±0.2)

2.8 (±1.2)

81.8 (±3.9)

F

49.7 (±2.4)

4.4 (±0.7)

3.1 (±0.3)

0.1 (±0)

H

50.3 (±3.4)

21.9 (±9.6)

2.8 (±0.2)

0.1 (±0)

Ah

20.67 (±12)

0.9 (±0.8)

3.1 (±0.5)

0.4 (±0.2)

10.3 (±5.5)

67.1 (±11.3)

E

2.3 (±2.4)

4.2 (±3.4)

3.6 (±0.5)

0.8 (±0.4)

4.2 (±3.2)

74.9 (±5.5)

Bhs

1.4 (±0.7)

25.1 (±14.2)

4.5 (±0.7)

1 (±0.4)

2.8 (±0.9)

75.8 (±3.9)

57 (±8.7)
6

65 (±17.7)
5

Soil profile depth
Grass

0.1 (±0)

Clay %

F

Soil profile depth
V.OLD

BD g/cm3

H

Soil profile depth
OLD

pH

55.2 (±5.4)
3

A1

7.7 (±)

14.7 (±20.1)

4.7 (±0.4)

0.7 (±0.4)

19 (±3.7)

53.9 (±5.6)

A2

4.5 (±)

22.3 (±9.4)

5 (±0.4)

0.7 (±0.4)

10.4 (±2.5)

63.5 (±3.5)

B

1.6 (±)

33 (±18.8)

5.2 (±0.5)

0.8 (±0.1)

4.5 (±0.9)

69 (±2.9)

Soil profile depth

62 (±12.1)

Modeling Forest Soil With RothC-26.3

ordered factors; the order of forest age groups was described as
young, mature and ancient, and of soil horizon as F, H, Ah, E, and
Bhs (Supplementary Figure 1). Fixed effects in the models were
fitted using the maximum likelihood method and a non-relevant
explanatory variable, altitude, was dropped based on the Akaike
information criterion (AIC) index and likelihood ratio tests
(Chi-squared). The final model was fitted again using restricted
maximum likelihood. An analysis of variance test (ANOVA) was
then used to provide p-values.
The grassland sites were situated on a deeper and
more fertile soil, which was categorized as cambisol
(Supplementary Figure 2). Therefore, a direct soil horizon
comparison was not possible. However, total measured SOC (Mg
ha−1 ) was compared. Total SOC stocks, and organic and mineral
horizon SOC stocks were modeled using LME; the same random
effect structure and spatial correlation function were used. The
fixed effects were tested according to the top down strategy
where a full model was fitted (all possible fixed effects were
initially included), and the minimum number of fixed effects
supported by AIC index were retained (Supplementary Table 1)
(Zuur et al., 2011). The SOC stocks in mineral and organic
horizons were transformed using natural logarithms to improve
the homogeneity of residuals. All statistical analyses were
done using the R software (R Core Team, 2017). The nlme
package was used for statistical modeling (Pinheiro et al., 2017)
and predictions, mgcv (Wood, 2011) for confidence interval
construction and ggplot2 for illustrating results (Wickham,
2009).
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Overall Approach
Changes in forest SOC during the forest rotation were simulated
using the RothC-26.3 model (Coleman and Jenkinson, 1996).
RothC is driven by plant inputs, which are divided into
decomposable plant material (DPM) and resistant plant material
(RPM). The plant inputs in each layer are obtained by
interpolating the measurements of SOC as described below.
Decomposition in the soil is described by two SOC pools
with different rate constants [microbial biomass (BIO), humus
(HUM)] and another organic matter pool which is assumed
to be inert [inert organic matter (IOM)]. Peat water retention
equations from the Defra GB SEISMIC project PS2225 (Hollis,
2008) were used to simulate water retention in the organic
horizons. Long term monthly temperatures and precipitation
were calculated from the Haylock et al. (2008) high resolution
gridded dataset, which encompassed the period from 1950 to
2018. We used average monthly values for that period. Weather
conditions before 1950 were assumed to be to be equivalent to the
monthly average values between 1950 and 2018.

Estimating Plant Inputs of Soil Organic Carbon Pools
at Steady State
The mineral and the organic horizons of the oldest forest sites
were assumed to be in steady state for the purposes of modeling.
The steady state concept is a very important assumption used
in this study. It represents a system in which SOC is no longer
changing, or a system in which there is no further change

5
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years was equivalent to the SOC accumulation in the organic
horizon and was assumed to have the same proportion of pools
as the fixed width top layer that was explicitly simulated. The
outputs from this process were the SOC pools in the total organic
horizon and the plant inputs at steady state before harvesting.

in the rate of SOC accumulation or degradation. It has been
demonstrated by many authors (e.g., Sierra and Muller, 2015)
that SOC comes to steady state after an extended period of
unchanged inputs and outputs. Mineral soils usually reach a state
where no further net accumulation or degradation of SOC occurs,
whereas a healthy organic soil usually continues to accumulate
SOC, but at a constant rate. The ancient unmanaged sites in
our study represent the closest possible match to a pine forest at
steady state that could be found in Scotland, as ancient forests
are commonly regarded as being neutral with respect to SOC
losses (Lippke et al., 2011) or as providing a carbon sink that
can be sustained forever (Hudiburg et al., 2011). Based on the
measurements collected, we represented the organic layers as
being in steady state with respect to the rate of accumulation
(i.e., they were assumed to be accumulating SOC at a constant
rate), while the mineral layers were represented as being in true
steady state, with no further changes in SOC occurring (i.e., the
change in SOC was assumed to be zero) (Figure 2). This allows
the plant inputs and SOC pool sizes to be determined by running
the model to steady state and adjusting plant inputs as shown in
Equation 2 until simulated values of SOC match the measured
values (Smith et al., 2005). The steady state assumption is valid in
a system where no significant disturbance has been observed for
an extended period of time, in this case for more than a century;
PIss = PIdef ×

SOCmeas,old
SOCsim,old

Simulating Forest Growth and the Forest
Management Operations
To determine the impact of harvesting and replanting (the
assumed history of the younger forest stands), the simulations
were run forwards starting from the SOC in the organic and
mineral horizons in the oldest forest site at steady state. The
simulation was initially run forward assuming that the only
change was in the reduced plant inputs of the immature forest
stand. To do this, it was assumed that the plant inputs from above
and below ground tree litter changed as a function of standing
forest biomass in each year, Yt (Mg ha−1 ) (Ågren et al., 2008). The
increments in forest biomass were constructed using UK forest
yield tables (Matthews et al., 2016a,b), the yield tables providing
above and below ground mass increase with forest age (Figure 2).
The plant inputs of C in any given year, PIt (t ha−1 ), were then
given by
PIt = PIss ×

SOCman = SOCmeas,old − SOCsim,old

The mineral soil horizons could be assumed to be in “true steady
state,” with no net change in SOC, whereas the organic horizons
are likely to be growing in depth and accumulating C, so were
assumed to be in steady state only with respect to the rate of
accumulation (i.e., the rate of accumulation was assumed to be
constant). The rate of accumulation, SOCac (Mg ha−1 y−1 ), was
estimated from the difference in SOC content of the oldest and
youngest sites, SOCmeas,old and SOCmeas,yng , respectively (t ha−1 );

Simulating the Impacts of Afforestation of Grasslands
To determine the potential impact of foresting the grassland sites,
the SOC pools in the grassland site were first determined by
running the site to steady state, assuming the quality of plant
inputs for grassland (DPM:RPM ratio = 0.67; Coleman and
Jenkinson, 1996). The afforestation process was then simulated
by changing the quality of plant inputs to forestry (DPM:RPM =
0.25; Coleman and Jenkinson, 1996) and setting to average plant
inputs from ancient sites, while distributing them according to
Equation 4. The model was then run for 200 years to estimate
the potential change in SOC in the ancient forest. Note that this
neglects any impact of disturbance during planting, which cannot
be interpolated without additional measurements from ancient
sites that have been afforested from grassland. However, this error
is expected to have a small impact over the timescales needed to
grow the ancient forests.

(3)

where t is the growth period (y), assumed to be 200 years. As
the organic layer accumulated at the steady rate, 1SOCac , the
same amount of SOC moved to below the fixed depth of the
top simulated layer, and so was subtracted from the bottom of
the simulated layer. The amount subtracted each month was
ac
estimated as 1SOC
12 . This subtraction of accumulated SOC from
the bottom of the layer then allowed the steady state run to be
used to determine plant inputs and SOC pools at steady state
in the same way as when the soil is in true steady-state. The
cumulated SOC subtracted from the simulated layer after 200
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(5)

The level of disturbance is very different in forests from arable
systems. In forests, soil undergoes less frequent disturbance and
can accumulate particulate organic matter, which can be easily
lost after harvesting. Therefore, the model overprediction of the
measurements was taken to represent the loss of particulate
organic matter due to disturbance. The simulations were used
in this way to interpolate the unknown impacts of management
practices on the SOC content of the soil.

Organic Layer Dynamic SOC Accumulation

(SOCmeas,old − SOCmeas,yng )
t

(4)

where Yss is the biomass at steady state. The discrepancy between
the measured and simulated SOC in the ancient sites, SOCmeas,old
and SOCsim,old (Mg ha−1 ), respectively, indicates the change in
SOC caused by management, SOCman (t ha−1 ), for example due
to disturbance during planting or harvesting,

(2)

where PIss is the plant input at steady state (Mg ha−1 ), PIdef is the
plant input from the previous iteration (initialized using default
values from RothC that represent the distribution of inputs
through the months of the year), and SOCmeas,old and SOCsim,old
are the measured and simulated SOC (t ha−1 ), respectively, both
in the oldest site.

1SOCac =

Yt
Yss

6
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FIGURE 2 | Plant input change ( YYsst ) during forest rotation as a proportion of steady state plant inputs. The steady state soil is represented as the line before the year 0.

RESULTS

variation of the soil due to natural soil forming processes such as
weathering and development of iron pans. Forest management
could also have a major impact on soil BD and its spatial
variability, so impacts of other influencing factors are difficult to
capture; this could be the case especially in the younger sites.

Descriptive Soil Properties
The depth of organic soil horizon was significantly affected by
forest age and horizon location (Table 2), showing that organic
horizons were dependent on forest age and were different from
each other. The pH and BD were only affected by the horizon
location in the profile. The intraclass coefficient showed that soil
sampling from one pit accounted for <1, 20, and 32% of total
variation of horizon width, pH and BD, respectively (Table 2),
so horizon depth was the least influenced by sampling from the
same location. The mineral soil BD was not significantly affected
by any tested explanatory variables. However, the mineral soil
horizon width, pH and clay content were significantly affected by
horizon location in the pit. The intraclass correlation coefficient
of horizon depth, pH and clay content showed that random
effects in these models accounted for a minor part of the total
variation (Table 2). By contrast, random effects in BD accounted
for 42% of total variation, which could show that there are
other important explanatory variables that were not measured
and included in statistical models. The BD of soils could be
also influenced by stone content, as well as animal activity,
rooting patterns of trees and ground vegetation, and the spatial
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Soil Organic Carbon Changes in the Forest
Chronosequence
Total SOC stock change was best described by forest age only
and the effect was significant (Table 3), showing the importance
of forest age. Grassland was not significantly different from
the ancient forest sites and including land use type did not
improve the statistical model. Therefore, it was removed from
the explanatory variables. Soil sample clustering in pits explained
27% of the total variation. Total SOC stock was predicted to be
higher in the ancient than the young and mature pine forests,
which had similar predicted SOC stocks (Figure 3A).
Soil organic horizon SOC stock was dependent on forest age
and horizon location (Table 3). Random variation accounted
for <1% of total variation, so there was very little unexplained
variation. The largest SOC stocks were accumulated in
the ancient forest, while young and mature forests had
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TABLE 2 | Results of linear mixed effect models’ analysis of variance on how organic and mineral soil horizon depth, pH, bulk density (BD) and clay content were affected
by predictors.
Tested hypothesis (fixed effects
in the linear mixed effect model)

Organic horizons (F, H)

Depth (cm)
(a) Forest age (ordered factor)
(b) Horizon location (ordered factor)
Intraclass correlation coefficient
a Ah

pH

Mineral horizons (Ah, E, Bhs)

BD (g cm−3 )

Depth (cm)

BDa (g cm−3 )

pH

Clay content (%)

0.01

0.8

0.06

0.29

0.05

0.91

0.6

<0.001

0.01

<0.001

<0.001

<0.001

0.93

<0.001

<1%

20%

32%

<1%

<1%

42%

<1%

horizon was removed from BD analysis, due to thin Ah horizons in several pits lacking BD sampes.

TABLE 3 | Results of linear mixed effect models’ analysis of variance on how total and horizon soil organic carbon (SOC) are affected by predictors.
Tested hypothesis (fixed effects in the linear mixed effect model)

Total SOC Mg ha−1

(a) Forest age (ordered factor)
(c) Horizon location (ordered factor)

Organic SOC stock Mg ha−1

Mineral SOC stock Mg ha−1

0.03

0.02

0.739

–

<0.001

<0.001
<0.001

(d) Clay (%)

–

–

(e) pH

–

–

0.081

(f) Horizon location (ordered factor) interaction with Forest age (ordered factor)

–

–

<0.001

(g) Forest age (ordered factor) interaction with pH

–

–

<0.001

–

–

0.015

–

–

0.002

27%

<1%

<1%

(h) pH interaction with Clay (%)

0.05

(j) Horizon location (ordered factor) interaction with pH
(k) Horizon location (ordered factor) interaction with Clay (%)
Intraclass correlation coefficient
“−” denotes that the fixed effect was not included in the model.

FIGURE 3 | Pine forest and grassland total soil organic carbon (SOC) (A from left to right), pine chronosequence organic horizon SOC (B) and mineral horizon SOC
(C) stocks (Mg ha−1 ) presented by average site measurements (black circles), statistical model predictions (black crosses) and average over all sites (bars). In order to
illustrate correspondence of the measured data and the linear mixed effect model, we used shaded bars to indicate the average of measured values in a certain
group, black circles show the actual measurements and their spread around a mean. Crosses show the predicted values that, after eliminating random effects, have
much narrower spread. Moreover, crosses–predicted values clustering around the measured mean can provide a proof of a reasonable model fit to data.

sample clustering accounted for <1% of total variation. There
were marked differences between the SOC accumulation in
the different mineral soil horizons (Figure 3C). However, the
variation was too large to detect significant differences.

similar amounts of SOC (Figure 3B). Similar trends in SOC
accumulation were found for both F and H organic horizons, but
the differences were more pronounced in the H horizon.
Mineral horizon SOC stocks were best described by forest
age, horizon location, clay content, pH and almost all
possible interactions of these four explanatory variables; only
forest age and clay content interaction were not important
(Supplementary Table 1). Forest age did not have a significant
effect on SOC accumulation (Table 3). Random effects from
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Modeling With RothC 26.3
Measurements from the ancient forest and grassland sites were
used to simulate the impact of reforestation of forest sites
and afforestation of grassland. Steady state runs in forest and
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FIGURE 4 | Soil organic carbon dynamics over 200-year long pine forest growth. The steady state soil is represented as the line before the year 0. The solid line
shows the simulation average and the shaded area represents the minimum and maximum values. The steady state panel shows the influence on steady state and
continuous accumulation in the F and H horizons assumption. The Managed forest panel shows how distributing plant inputs according to standing forest biomass
affects SOC.

the ancient sites, SOCmeas,old (Figure 5). This over-prediction of
the measured SOC was taken as an indication of the loss of SOC
that occurred due to management factors, such as disturbance
associated with harvesting operations. By year 200, the RPM pool
had the highest over-prediction, by 103% (116 Mg ha−1 SOC)
compared to steady state, while the HUM pool had increased
by only 38% (37 Mg ha−1 SOC) and the BIO and DPM pools
had increased much less (Figure 5). At this time, the RPM pool
held 73% of all the extra SOC. This suggests that the disturbance
due to harvesting operations had a much greater impact on the
RPM than the HUM pool, with the fresh plant material in RPM
tending to be lost more easily than the more recalcitrant and
protected humified material in HUM. The DPM and BIO pools
were over-predicted by much smaller amounts compared to the
measured steady state (DPM by 1 Mg ha−1 and BIO by 5 Mg
ha−1 , Table 4). This is because the inherent within-year variation
of these rapidly turning over pools allows them to quickly recover
from any disturbance occurring during deforestation.
In the afforested grassland, after 200 years of pine forest
growth the SOC was overpredicted by 86% compared to

grassland sites showed measured differences and uncertainties
in SOC stocks related to land use and specific site conditions
(Figure 4). Mean measured total SOC stocks in grassland
(SOCmeas,gra ) were 191 Mg ha−1 and in the ancient forest
(SOCmeas,old ) were 240 Mg ha−1 (Table 4). These were used to
determine plant inputs (PIss ) and starting SOC pools; the results
of the steady state run are shown in year−10 to−1 in Figure 4.
The organic horizons were assumed to be in steady state with
respect to the rate of accumulation (SOCac = 0.43 Mg ha−1 y−1 ).
In the simulations of reforestation of forest sites, the initial
very low plant inputs induced a temporary reduction in the
simulated stock of SOC (Figure 4, Managed forest).
The RothC model pools reached their minimum value at
different times, due to different pool decomposition rates. The
pools with the fastest turnover rate, DPM, reached its minimum
values at the year 6 (Table 4). By the end of simulation (200 years)
of pine forest management, the SOC stocks had increased and all
of the RothC model pools had reached a maximum SOC content
(Figure 4, Managed forest). The total SOC stock simulated at 200
years was 399 Mg ha−1 , 66% higher than the value measured in
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SOC Changes in a Pine Chronosequence

The organic horizons had a large influence on total forest
SOC, because they constituted 85% of the total simulated SOC
at year 200. Increasing or reducing plant inputs by 50% resulted
in similar proportion gained or lost (±3%) from each RothC pool
at the end of simulation (200 years) (Figure 7).
The difference between the simulated value of SOC in the
afforested grassland and reforested forest sites after 200 years was
just 43 Mg ha−1 (Table 4), while the average difference in the
SOC measured at the ancient forested and grassland sites was
49 Mg ha−1 . This build-up of SOC after afforestation of grassland
mainly occurred in the organic horizons.

TABLE 4 | Forest and grassland modeled SOC changes (Mg C ha−1 ) in RothC
model pools and total SOC.
Land use
Forest

RothC run managed
forest

Metrics

Pool

Mg C ha−1

Year

Min

Total

155

43

Max

Measured

Grassland

RothC run afforested

Mean

Min

Max

Measured

Mean

DPM

0

6

RPM

34

42

BIO

2

47

HUM

95

62

Total

399

200

DPM

2

200

RPM

229

200

BIO

10

200

HUM

135

200

Total

240

DPM

1

RPM

113

BIO

5

HUM

98

Total

140

DPM

0

1

RPM

1

29

3

0

HUM

72

122

Total

356

200

DPM

4

200

RPM

226

200

BIO

24

200

HUM

130

0

Total

191
1

RPM

40

BIO

3

HUM

130

Soil Organic Carbon Changes in the Pine
Chronosequence
Statistical analysis showed that forest age has a significant impact
on total SOC stocks (Table 3). The ancient forest had significantly
more SOC than the young forest; this is in line with findings
of a worldwide meta-analysis (Nave et al., 2010) (Figure 3A).
Noormets et al. (2015) reported that global mean SOC stock
was 2-times higher in unmanaged stands, compared to managed
stands. However, this was not a universal rule, rather just an
indication of consistently higher SOC stocks in undisturbed
forest soils (referred to as ancient stands in this study). The
total SOC stocks in grassland were similar to those in the
ancient forest stands; this is in line with European land use
change studies (Thuille and Schulze, 2006; Hiltbrunner et al.,
2013; Poeplau and Don, 2013) and a Scottish afforestation study
(Beckert et al., 2016). However, the grassland soils studied held
more SOC in the mineral horizons than forest soils. Grassland
has higher root to shoot ratio than forest, and root C was linked
with stable SOC formation in mineral soils (Rumpel and KögelKnabner, 2011; Hiltbrunner et al., 2013; Hu et al., 2016). Alsohis
may be due to differences in soil texture in the more podzolic
compared to cambic soil (See Table 1), which results in the SOC
in the grassland on the cambic soil being less susceptible to
environmental factors and more stable under a changing climate
(Thuille and Schulze, 2006; Poeplau et al., 2011; Poeplau and
Don, 2013).
By contrast, mature forests had similar organic horizon SOC
stocks to young stands (Figure 3B). This could be attributed
to the onset of thinning operations that would reduce organic
horizons (Powers et al., 2012). Furthermore, young sites could
have benefited from coarse roots and stumps left after harvesting,
which act as long-term SOC pools and sources of nutrients for
vegetation in forests (Palviainen and Finér, 2015). The thickness
of the organic horizons was significantly affected by forest age
(Table 2), but BD was not. Therefore, the change in thickness
was the main cause of the SOC stock increase with age; this is in
line with both Scottish (Chapman et al., 2013; Lilly et al., 2016)
and international findings on podzols (Nave et al., 2010). The
study of Chapman et al. (2003) showed that the Abernethy pine
forest (20 km away from Glenmore forest), with 100–120 year old
pines, has accumulated an average of 263 Mg ha−1 C in organic
horizons. This was slightly more than the average SOC stocks

35

BIO

DPM

DISCUSSION

In a steady state run all the pools are not changing, while with management the SOC
amounts change continuously. RothC model pools: Total SOC, Total soil organic carbon
stock; DPM SOC, decomposable plant material stock; RPM SOC, resistant plant material
stock; BIO SOC, biological material stock; HUM SOC, humified material stock.

SOCmeas,gra (Figure 6). In the afforested grassland sites, the pool
with the fastest turnover rate, DPM, reached its minimum at
year 1, while the HUM pool minimum was at year 122 (Table 4).
The minimum total SOC stock was reached in year 35 and was
27% lower than the SOCmeas,gra (Figure 6). The maximum SOC
stock in total and in the individual pools were largest at the
end of the simulation, except for the HUM pool, which was
the largest at year 0 when the management started and was
the same as the steady state grassland HUM pool (Table 4).
The largest SOC accumulation was in the RPM pool (186 Mg
ha−1 ) (Table 4). This suggests that afforestation of grassland
had a negative impact on the recalcitrant HUM pool while
positively affecting the RPM pool, where the fresh plant material
was accumulated.
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FIGURE 5 | Average forest soil organic carbon stocks in the RothC pools during steady state run (Ss) and 200-year forest growth period (Min–minimum amount,
Max–maximum amount), numbers above the bars indicate the percent change compared to the steady state. Panel names are the same as the acronyms used
in Table 4.

(240 Mg ha−1 ) in the ancient pine site in this study, but Chapman
et al. (2003) selected forests with almost no documented human
disturbances, where pine trees were more dependent on natural
fire regime, and these conditions could allow more SOC to
accumulate in the top organic horizons.
In the mineral horizons, the SOC stocks were not related to
forest age, which again was in agreement with the conclusions
of Nave et al. (2010) on podzolized mineral soils. However, two
other recent global meta-analyses came to diverging conclusions.
Achat et al. (2015) in their European forest meta-analysis found
a significant increase in SOC stocks after harvesting in the deeper
mineral soil horizons, while the global meta-analysis of James
and Harrison (2016) observed a loss. In our study, the SOC
stocks in the young forest stand were very variable in the deeper
mineral horizon, Bhs (Figure 3C). It could be hypothesized that
increased inputs of the dead material from the previous stand
(Powers et al., 2005; Palviainen et al., 2010; Olajuyigbe et al., 2011;
Vesterdal et al., 2011) and leaching of dissolved organic C from
the disturbed upper horizons (Magnusson et al., 2016) could have
led to the incorporation of more SOC in this podzolic horizon.
Moreover, pine trees have deeper rooting compared to grasses
that can reach down to >1 m on podzols, while grassland has on
average lower rooting depth and subsequently lower connected
inputs of root exudate and necromass at depth (Jackson et al.,
1996; Ostonen et al., 2007; Vanguelova et al., 2007). Our statistical
model lacked the explanatory power to pick up these differences,
due to a limited sampling plot number.
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Our study relied on a limited number of independent sites
and the detected differences in soil could have been affected
by spatial heterogeneity within the sites (Vesterdal et al., 2011).
However, variation in our study was controlled by sampling
similar textured soils in a close proximity where predominant
weather and hydrological conditions were similar. Vanguelova
et al. (2013) showed that in UK forests on podzols, at least−20
sample plots are needed to reduce the coefficient of variation to
10%, the most variable part of podzol being organic horizons.
The organic horizon heterogeneity was controlled by sampling
20 cores in the same site and taking the mean depth for F and H
horizons. Therefore, we consider that site to site variation was
controlled to the extent possible and should not preclude the
reader from drawing relevant conclusions about SOC dynamics
in a podzolic soils under pine forest.

Process-Based Modeling
The accumulation of SOC in the organic layers resulted in
an additional 159 Mg ha−1 SOC (Table 4). The average SOC
increase of F and H layers was 0.43 Mg ha−1 y−1 ; this was higher
than reported by Poeplau et al. (2011) (0.38 Mg ha−1 y−1 ) in a
global analysis of plant inputs, and almost two times higher than
the Swedish national long term prognosis for actively managed
forests (Berg et al., 2009). Vanguelova et al. (2019) found a range
of SOC accumulation rates from 0.28 to 0.94 Mg ha−1 y−1 across
a Sitka spruce chronosequnce, similar to that found for managed
conifer woodland during the National Scottish Inventory of Soils
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FIGURE 6 | Average grassland soil organic carbon stocks in the RothC pools during steady state run (Ss) and after afforestation in 200-year period (Min–minimum
amount, Max–maximum amount), numbers above the bars indicate the percent change compared to the steady state. Panel names are the same as the acronyms
used in Table 4.

Palosuo et al., 2012), so the RothC simulations can be assumed to
be robust for forests.
The largest over-estimate of SOC compared to the steady
state occurred in the RPM pool, which represents resistant
plant material (Zimmermann et al., 2007) (Figure 5), suggesting
that this pool was most affected by disturbance due to
deforestation operations. This outcome is expected, because the
most labile SOC is likely to be most reactive to environmental
or management changes (Jandl et al., 2007; Poeplau et al.,
2011). This soil pool could be threatened by changing climate,
due to a shift in accumulation patterns. Gielen et al. (2013)
investigated warmer climate effects on pine forest and found
no changes in mineral soil, but slight decrease in organic layers
in Belgium. Gielen et al. (2011) also showed that leaching of
dissolved organic C could account for 11% of net ecosystem
productivity in a mature temperate pine forest and was equivalent
to 1 Mg ha−1 y−1 C, which was higher than our organic layer
yearly accumulation. However, in the UK the observed dissolved
organic C leaching was lower; from 0.4 to 0.1 Mg ha−1 y−1
C in podzolic soils (Morison et al., 2012). The RothC model
does not account for lateral losses, such as dissolved organic
C leaching from the system or erosion due to heavy rainfall.
Modeling results from Ota et al. (2013) showed that dissolved
organic C is one of the important controls for surface SOC
in forests. These processes may account for some of the losses
of SOC due to the changes in management with afforestation
or reforestation. Lastly, the insights from this simulation are

(NSIS) resampling (Chapman et al., 2013). This is also very
similar to the SOC accumulation of 0.53 Mg ha−1 y−1 in the F
horizon observed in the current resurvey by the Scottish Soil
Survey of 39 conifer sites which have been afforested during
the last 30–40 years (Lilly et al., 2016). Extending rotations has
been suggested as a tool to increase biomass stocks in other
forest modeling studies (Kaipainen et al., 2004; Heinonen et al.,
2017). Kaipainen et al. (2004) reported either stable or reduced
SOC stocks after prolongation of rotation, due to an assumption
that net primary production reduction would be immediately
reflected in the SOC stock. The study from Finland suggested
that the forest rotation should be prolonged to 200 years, because
C continues to accumulate in the soil even after maximum net
primary production is exceeded (Pukkala, 2018). However, there
may be limitations on how much SOC can be stored in a mineral
soil depending on soil parent material and texture, where sandy
soils have the lowest capacity (Angst et al., 2018). Pine forest litter
is considered low quality, therefore it is suggested that it would
take longer to reach mineral soil saturation point (Castellano
et al., 2015). Hence, prolonged rotations could deliver benefits
even in mineral horizons.
The increase in total SOC stocks after distributing plant
inputs according to forest biomass accumulation showed that the
RothC model is sensitive to uneven distribution of plant inputs
(Figure 4). The RothC model has been tested on many different
forested ecosystems and produces satisfactory results (Paul et al.,
2003; Rumpel et al., 2003; Falloon et al., 2006; Dondini et al., 2009;
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FIGURE 7 | Sensitivity analysis of plant input by fragmentation F and humification H horizons. Plant inputs were distributed according to standing forest biomass and
allowed to accumulate through simulation period. A solid line was average values, shaded area maximum represents 50% increase in plant inputs and minimum a
50% decrease.

applicable in pine forest on poor sandy soils, where the most
of the SOC is not minerally bound and has prominent labile
organic horizons. The results would have been very different
on high clay soils which have more capacity to bind and
protect SOC.
The lowest simulated SOC stocks were not in the young forest
stands, but in the 43-year-old forest which were defined here as
“mature forest” (Table 4). Our measured SOC trends confirmed
the simulations; the mature sites had slightly less SOC compared
to the young sites (Figure 3A). However, the signal was weak as
the mature group was comprised of stands with variable ages.
Our findings are in line with other studies that found significant
harvesting impacts several decades after the event (Diochon et al.,
2009; Prest et al., 2014). This suggests that it would be beneficial
to select 40- to 50-year-old stands as one of the age groups in
future chronosequence studies on pine forest SOC.
Simulation of grassland afforestation provided insights into
SOC pool changes and probable losses through afforestation. The
increase in the DPM and RPM pools (Table 4) was in line with
the studies of Beckert et al. (2016) and Poeplau and Don (2013)
that showed that conversion from grassland to forest may enrich
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particulate organic matter, which is associated with the more
labile pools, DPM and RPM. The RothC model was very sensitive
to plant input variation in the F and H layers, which contained the
highest proportion of SOC in the afforested grassland (Figure 6).
The mineral soil lost SOC throughout the simulation and at
the end of the 200-year period had decreased to similar levels
of SOC as found under the forest. This finding demonstrates
how plant inputs drive long-term sequestration. This introduced
additional uncertainty related to the chosen plant inputs from
the newly established forest on grassland. The plant input levels
were set according to the plant inputs interpolated from the
SOC measurements in the ancient (steady-state) forest, but they
could have been increased by the increased nutrient regime
in the grassland soils, or decreased due to different species
composition of understory plants in the grassland sites that were
not well-adapted to conditions of afforestation. Immediately after
conversion, all plant inputs were set to come from planted forest,
which are small as the forest is still becoming established. Don
et al. (2009) reported that during soil plowing, 30% of grassland
vegetation was destroyed and gross primary productivity fell
by 41%; we assumed the same plant inputs from understory
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but need to be explicitly included in the models if conditions
act as limiting factors (Tupek et al., 2019). However, providing
accurate description of the response to climate is crucial to the
accurate prediction of the impact of climate change on future
changes in the SOC. This is described in process based models
but will not be included in statistical models that can only
interpolate observations from past conditions. Statistical models
inform about current conditions, but future predictions are better
simulated using an understanding of the underlying processes.

after forest planting on grassland or forest sites, so plant inputs
immediately after afforestation may have introduced an error.
However, this is not likely to have a long-term impact, with
plant inputs likely to become very similar in the two sites as the
forests mature and the canopy closes. We observed that after 200
years of afforestation the SOC content of grassland soils would
be very close to the ancient forest. Therefore, afforestation would
not provide significant benefits in long term sandy podzolic soil
SOC stocks.
Key limitations of the simulations described here are
associated with the changes in the soil with depth. All of the layers
in all of the simulations used the same rate modifiers, which are
dependent on (among other things) temperature. This version of
RothC (version 26.3) was developed for use in topsoils, where
air temperature will provide a relatively consistent representation
of the impacts of soil temperature on decomposition. In deeper
soils, the relationship between air and soil temperature is likely
to be different. Internal consistency with the steady state run will
mean that these differences are implicitly accounted for in the
simulations presented here, but if changes in climate were the
focus of the work, the temperature differences in subsoil are not
likely to be adequately described.
In this study, forest soil was simulated in the separate blocks
that represented different depths, which did not interact. From
the soil processes perspective, this is a major simplification,
because organic matter is transported through the profile
from the top downwards as DOC and particulate material
or introduced directly by decaying tree roots (Rumpel and
Kögel-Knabner, 2011; Ota et al., 2013). Including interactions
between soil layers would allow movement of SOC to be
better represented. Such development would improve the
representation of SOC turnover processes, however, would not
affect the SOC pool sizes, which are fitted to the measured SOC
stocks, so should not impact the overall conclusions of this work.
A further issue with simulations at depth is the assumed size
of the IOM pool. Because radiocarbon dating was not available,
the generic relationship between IOM and total SOC developed
by Falloon et al. (1998) was used to set the size of the IOM
pool; again this relationship was developed using data for topsoils
and might be different in deeper soils. Evidence from Eusterhues
et al. (2005) and Rumpel et al. (2004) suggests that forest soil C
age increases with depth, so these relationships are unlikely to
hold in the deepest Bhs soil horizon. Better IOM pool estimation
would have affected the SOC pool distribution, but again, in
the simulations presented here, internal consistency with the
steady state run should implicitly incorporate these differences
and not introduce an error over the 200-year time period of the
simulation. If simulations are required to run for millennia, the
reduced recalcitrance of the decomposing pools might result in
an overestimate of SOC losses.
It is difficult to apply process based models in largescale simulations due to high computational costs and large
information requirements (Dondini et al., 2018). They need to be
either evaluated for the local conditions or applied with caution.
Process-based models, such as RothC, represent a simplification
of the system. If controlling conditions are optimal under
most modeling cases, they may be excluded from the processes
described in the model because they are not limiting factors,
Frontiers in Environmental Science | www.frontiersin.org

CONCLUSIONS
This study’s aim was to evaluate changes in SOC in surface
and sub-soils in a pine forest chronosequence and compare to
adjacent grassland sites. We used measurements at these sites to
interpolate the impacts on SOC turnover of forest growth and
grassland afforestation. The interpolation approach was based
on the RothC soil C model, which we modified to include a
representation of forest growth and management.
The measured SOC stocks indicate a significant benefit of
undisturbed–ancient stands for SOC storage and long-term
C sequestration. Modeling outcomes provide more detailed
insights into the changes occurring through forest growth. It
suggests that managed pine forests could lose a significant
amount of SOC through management operations. However,
the modeled losses were very high, up to 60% of total SOC,
which could indicate uncertainties in the modeling approach.
Both approaches would point to prolonging forest rotations
and reducing/eliminating forest thinning in order to reduce the
amount of SOC loss.
Measured SOC stocks were similar in the young and mature
managed forest stands; this could be explained through our
modeling studies. The lowest modeled SOC stocks were not in the
young sites, but at the age of 43 years. This shows the importance
of selecting 40- to 50-year-old stands as one of the important age
group in SOC studies in forests. These stands should have the
lowest total SOC stocks compared to pre-harvest ancient stands.
Further, the simulations show the timing of losses from the
system, and so provide information that could be used to design
improved chronosequence studies and shows how modeling
studies can inform the future design and sampling efforts.
The grassland afforestation simulations showed that organic
horizons would dominate SOC accumulation, while mineral
soil horizons would become depleted in SOC compared to
grasslands. The mineral soil depletion was introduced through a
conservative assumption that pine forest will grow at the same
pace and produce the same amount of litter on the deeper
and more clay rich grassland soil than on the podzolic shallow
soil that were prevalent at the pine forest. This would not be
a desirable result in the context of climate change as organic
horizons are less resilient to adverse environmental factors such
as drought, fire, wind throw and insect infestations.
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