European Journal of Forest Research
https://doi.org/10.1007/510342-018-1143-y

ORIGINAL PAPER

@ CrossMark

Soil carbon stocks and exchangeable cations in monospecific
and mixed pine forests

Daphne Lépez-Marcos>'® - Carolina Martinez-Ruiz' - Maria-Belén Turrién' . Mathieu Jonard? - Hugues Titeux* -
Quentin Ponette* - Felipe Bravo?3

Received: 27 April 2018 / Revised: 18 June 2018 / Accepted: 7 September 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Many studies highlight the role of mixed versus monospecific forests to supply numerous ecosystem services. Most reports
of positive mixture effects on carbon storage focus on mixtures that combine tree species with contrasting traits, but little
is known on the effect of mixing species that are expected to behave quite similarly as they belong to the same genus. In
this study, we assessed the effect of mixed versus monospecific stands of Pinus sylvestris and P. pinaster on carbon stor-
age and exchangeable cations along the soil profile, based on research with six triplets in the northern Iberian Peninsula
(Spain). One soil pit of at least 40 cm depth was dug at each plot for organic and mineral horizons characterization. Two
trends were found: in the topsoil, higher values of carbon stock and total organic carbon were found in P. sylvestris stands,
lower in P. pinaster stands and intermediate in mixed stands; this pattern was related to the C/N ratio of the forest floor. In
the intermediate soil layers, it tends to be higher in mixed stands and is related to percentage of fine roots and to the greater
thickness of the first mineral horizon. Differences in soil exchangeable cations among stands were related to the total organic
carbon content. These results improve our understanding of the mechanisms underlying soil carbon accumulation in mixed
stands and emphasize the use of mixtures as a strategy to combat climate change, due to the advantage in the accumulation
of carbon in the subsoil layers.
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Introduction

Over the last decades, the management of mixed-species
forests has taken on greater relevance as a result of the grow-
ing evidence that they can supply numerous ecological, eco-
nomic and socio-cultural goods and services more efficiently
than monospecific forests (Gamfeldt et al. 2013). Taking
into account that 23% of the land is covered by mixed for-
ests in the pan-European region (FAO 2011), mixed forests
management is becoming a new paradigm (Bravo-Oviedo
et al. 2014) in order to increase the provision of many high-
value goods and ecosystem services (Stenger et al. 2009),
including biodiversity conservation or carbon sequestration
(European Commission 2010).

Forests play an important role in the global carbon cycle
and in the Earth’s terrestrial carbon sink (Andivia et al.
2016). Forest ecosystems contain approximately 1725 Pg
of carbon and about two-thirds are contained in the forest
soil (Pan et al. 2011). However, there is still great uncer-
tainty regarding best management strategies to promote soil
organic carbon sequestration (Andivia et al. 2016), including
the mixture of different species of trees (Jandl et al. 2007).

Carbon accumulation mechanisms may vary depend-
ing on the dominant species (Augusto et al. 2015) and the
different layers of the soil (Vesterdal et al. 2013) since the
aboveground litter and the root litter are the responsible for
soil C input (Rasse et al. 2005). Therefore, the mixture of
tree species can affect both the accumulation and the distri-
bution of the carbon along the soil profile (Chapin 2003).
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Although a general understanding of the effect of tree spe-
cies across site types have not yet been reached (Jandl et al.
2007), many authors suggest that the impact on the forest
floor or mineral soil depends on the identity of the species,
species richness, and kind of mixture (Ruiz-Peinado et al.
2017). In fact, Dawud et al. (2016) revealed that forests with
greater diversity had higher soil carbon stocks in deeper lay-
ers. However, most reports of positive mixture effects on C
storage focus on mixtures that combine species with con-
trasting traits, such as the mixing of European beech and
Norway spruce (Andivia et al. 2016), the mixing of Euro-
pean beech, Douglas fir and Norway spruce (Cremer et al.
2016), or even in plantations of mixed stand vs monocultures
in a chronosequence of Pinus massoniana—Cinnamomum
camphora (Liu et al. 2017).

The effect of mixing for species that are expected to
behave quite similarly as they belong to the same genus is
still unknown, despite being frequent in many environments,
such as the admixtures of Scots pine (Pinus sylvestris L.) and
Maritime pine (Pinus pinaster Aiton) in Spain. Both Pinus
species show similar crown architecture and slight differ-
ences in shade tolerance (Riofrio et al. 2017), but clearly
differ in leaf traits (e.g. more recalcitrant leaf litter for P. pin-
aster; Herrero et al. 2016; longer P. pinaster needles; Amaral
Franco 1986), whereas the information on root distribution
is not clear, since rooting depth may vary depending on the
moisture conditions (Bakker et al. 2006). Maritime pine is
an important species of Mediterranean forests and Scots pine
is the most widely distributed species of pine in the world
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(Bogino and Bravo 2014). They are two of the main for-
est species in Spain (Scots pine: 1.20 million ha; Maritime
pine: 0.68 million ha) and grow in monospecific and mixed
stands, either naturally or as a result of species selection for
afforestation (Serrada et al. 2008). In addition to their wide
distribution and forest area, they hold great ecological and
socio-economic value (Riofrio et al. 2016). Mixed stands
where these two species coexist are particularly interesting
because of their location at the rear-edges for P. sylvestris
forests, where ecological conditions (high temperatures, fre-
quent droughts) approach the species tolerance limit and the
most drastic effects of climate change are predicted (Matias
and Jump 2012).

Forest management in general and tree species selection,
in particular, have various impacts on soil biological, physi-
cal and chemical processes and characteristics (Jandl et al.
2007; Cremer and Prietzel 2017). With regard to the soil
chemical properties, soil exchangeable cation concentrations
may be affected by tree species composition (Cremer and
Prietzel 2017). Different tree species growing under similar

Triplet 01

Triplet 02

Triplet 03

conditions, such as climate, soil type, and land use history
differ substantially from each other with respect to foliage
nutrient content, root and litter chemistry, all of them hav-
ing a large impact on soil nutrient input, output, and cycling
(Augusto et al. 2015; Cremer and Prietzel 2017). Also, the
soil nutrient input could be an indirect consequence of the
organic matter contributions to soil (Cremer and Prietzel
2017), since the decomposition of plant tissues in terrestrial
ecosystems regulates the transfer of carbon and nutrients to
the soil (Wang et al. 2014).

Differences in the concentration of cations in the soil
may depend on differences between tree species in biomass
accumulation rates and/or biomass cation concentrations
(Brandtberg et al. 2000). The amount and composition of
litter produced also vary between species, and these two
factors can, in turn, influence the rate of accumulation of
organic matter and properties of the forest floor (Brandt-
berg et al. 2000). Whether species differ in the depth at
which nutrient uptake is concentrated and/or in the rate of
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Fig. 1 Location of the triplets in the ‘Sierra de la Demanda’ in the
North-Central Spain and location of the plots in each triplet. P. syl-
vestris monospecific stands (PS): red circles; P. pinaster monospecific

stand (PP): yellow circles; Mixed stand of P. sylvestris and P. pinaster
(MM): blue circles. (Color figure online)
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biocycling, the result may appear in subsoil mineral horizons
(Brandtberg et al. 2000).

The forest management practices must be used as a miti-
gation tool as regards the carbon sequestration because the
type of tree species affects forest growth, carbon and nutri-
ent cycling (Augusto et al. 2015). That is why we investi-
gated the impact of the mixture of tree species of the same
genus with a wide distribution in Spain (P. sylvestris and P.
pinaster) on C storage along the soil profile in comparison
with monospecific stands. We hypothesize that: (1) the stand
type influences the C storage and, indirectly, the exchange-
able base cations of the mineral soil by the organic matter
decomposition effect; (2) differences in the topsoil among
stand types are expected to be found; and (3) the admixture
of both pine species might have a positive interactive effect
on the accumulation of carbon in the soil profile in compari-
son with monospecific stands. Therefore, the aims of this
study were: (1) to quantify the differences among stand types
in C storage, including both total accumulation in soil and
distribution in the soil profile; (2) to investigate the possible
causes of the observed differences; and (3) to explore how
the difference in C accumulation might affect the exchange-
able cation concentrations.

Materials and methods
Study sites

The research was carried out in eighteen forest plots (6 tri-
plets) located in the ‘Sierra de la Demanda’ between the Bur-
gos and Soria regions, in North-Central Spain (41°47'35"N
and 41°53'41"N latitude and 2°56'12"W and 3°20'46"W lon-
gitude; Fig. 1). The climate is Temperate Type Cfb and Csb,
i.e. temperate with dry or temperate summer and atlantic,
respectively, according to the Kdppen classification (1936)
for the Iberian Peninsula. The mean annual temperature
ranges between 8.7 and 9.8 °C and the annual precipitation
ranges between 684 and 833 mm (Nafria-Garcia et al. 2013).
Altitude varies from 1093 to 1277 m a.s.l., and the slope
from 0.9 to 20%. The geological parent materials are sand-
stones and marl of Mesozoic age IGME 2015). The soils are
Inceptisols with a xeric soil moisture regime and mesic soil
temperature regime and they are classified as Typic Dystrox-
erept or Typic Humixerept (sensu Soil-Survey-Staff 2014).
The sandy soil texture was dominant and the pH varies from
extremely acid to strongly acid (“Appendix 17). The natural
dominant vegetation in the study area, highly degraded by
anthropogenic action, is characterized by Pyrenean oak for-
ests or communities dominated by junipers.

Each triplet consisted of two plots dominated either by P.
sylvestris (PS) or P. pinaster (PP) and one plot with a mix-
ture of both species (MM) located less than 1 km from each
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other. Plots were circular of radius 15 m and the tree species
composition was the main varying factor. The percentage of
the basal area of the dominant species in the monospecific
plots was greater than 83% or 95% for P. sylvestris or P. pin-
aster, respectively, whereas the basal area percentage of both
species in the mixed plots ranged from 33 to 67%. Histori-
cally, the area has been occupied by forests and it has been
traditionally managed for decades through selective thin-
ning, being P. sylvestris benefited. The stands had no silvi-
cultural intervention or damage in the last 10 years. The age
of the selected plots ranged between 44 and 151 years, the
stand density between 509 and 1429 trees/ha, the basal area
between 33.3 and 70.30 and m*/ha and the dominant height
between 15.60 and 25.04 m (“Appendix 2”). These plots
belong to the network of permanent plots of iuFOR-UVa.

Soil sampling

One soil pit of at least 40 cm depth was dug at each plot
(eighteen in total) for organic and mineral soil horizons
characterization and sampling (“Appendix 3”). A 25X 25 cm
quadrant placed at the top of the pit was used to collect
the forest floor or organic horizon. Coarse woody materials,
such as large branches, were carefully removed from the
forest floor before sampling (Andivia et al. 2016). The for-
est floor (FF) was separated into three fractions according to
van Delft et al. (2006): almost undecomposed litter or fresh
fraction (FsL), partially decomposed litter or fragmented
fraction (FgL) and mostly decomposed organic matter or
humified fraction (HmL).

Two undisturbed soil samples were collected from each
mineral horizon of each pit with steel cylinders (98.18 cm?)
to keep their original structure (“Appendix 3”). One dis-
turbed sample was also taken from each mineral horizon
of each pit (ca. 2.5 kg). The percentages of fine (%FR) and
coarse (%CR) roots were estimated visually in each hori-
zon at the time of digging the soil pit, i.e. many, normal,
few, very few or no roots coverage in the cross section of
the soil profile classified as 80%, 50%, 30%, 10% and 0%,
respectively. The roots with a diameter below 5 mm were
considered fine roots and those with a diameter above 5 mm
as coarse roots.

Laboratory analyses

The three fractions of leaf litter were dried separately at
60 °C during 48 h and weighed (+0.01 g) to determine the
amount of biomass of each litter fraction per hectare (B ,
Bgy1, Bymi)- A representative portion of each sample was
ground up and analysed with a LECO-CHN 2000 elemental
analyser to determine total organic carbon and total nitrogen
concentrations (TOC and N, respectively).
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Both undisturbed and disturbed mineral soil samples
were dried at 105 °C during 24 h before analyses. Undis-
turbed mineral soil samples were weighed (+0.001 g) and
used to calculate the soil bulk density (bD). Disturbed min-
eral soil samples were sieved (2 mm) before physical and
chemical analyses. Physical analyses included percentage by
weight of coarse fraction (>2 mm; stones) and earth frac-
tion (<2 mm; EF), particle distribution determined by the
pipette method (MAPA 1994) and subsequent determination
of clay (%clay), sand (%sand) and silt (%silt) contents, and
classification according to USDA criteria.

Chemical parameters analysed for each mineral horizon
included: exchangeable cations (Ca*?, Mg*2, K*, Na™) were
extracted with 1 N ammonium acetate at pH="7 (Schollen-
berger and Simon 1945) and determined using an atomic
absorption/emission spectrometer; TOC was quantified by
dry combustion using a Leco CHN 2000 elemental analyser.

Data analyses

The percentage of P. pinaster basal area (% PP) was calcu-
lated as the ratio between the basal area of P. pinaster and
the total basal area of each plot. Total FF biomass (Bgg) was
calculated as the sum of By, Bpyy, and By, . C stocks of
FsL, FglL and HmL litter fractions were calculated by mul-
tiplying TOC concentration by the biomass of each fraction
(Andivia et al. 2016) to obtain C stockg, C stockg,y, C
stocky,,,» respectively. C stock of the FF (C stockgg) was the
sum of C stockgg, C stockpy and C stockyy, . The C/N ratio
was calculated for the fresh (CNggy ), fragmented (CNg, ),
and humified litter (CNy,,,; ). C/N of the FF was calculated
as the weighted average of C/N of three decomposition
fractions.

i o] |G o | (G o
CNgp = CNeg | + | [ = ) CNeor | + CNigm
FF [( BFF FsL BFF FgL BFF HmL
C stock in the mineral soil (C stockgqy; ) was calculated as: C
stockgoy, = TOCi-bDi-%EFi Ti, being TOCi the total organic

Fig.2 a Biomass (B, mean A
value, Mg ha™!) and b C/N ratio 30
(CN, mean + SE) of the different
fractions of leaf litter (FsL,

FgL, HmL: fresh, fragmented
and humidified, respectively)
according to the type of stand.
PS (n=5): P. sylvestris mono-
dominant stands; PP (n=6): P.
pinaster monodominant stand.
MM (n=06): mixed stands of
both species. Signification level:
*p<0.05; (+) p<0.1

N
o

Biomass [Mg ha]
=

carbon concentration, bDi the measured bulk density, %EFi
the percentage of earth fraction and Ti the thickness of the
soil horizon. The C stock in the whole mineral soil profile
(C stocky_40cm) Was calculated as the sum of the C stock of
all soil horizons. The sum of bases (SB) was the sum of the
Ca*?, Mg*2, K* and Na* concentrations (cmol* kg™1).

The mineral soil horizon data were converted into four
different depths (every 10 cm) calculating weighted averages
between the horizons. Some variables were transformed (Inx
or 1/x) before statistical analysis to achieve residual normal-
ity and homoscedasticity.

While soil texture is not expected to be affected by stand
species composition, it may have a large impact on C seques-
tration in the mineral soil (Jandl et al. 2007). In order to
remove the effect of the soil texture variability within a tri-
plet, texture variables (sand, silt, clay) were therefore tested
as additional fixed effects in the alternative models; based
on AIC values, only the sand content was included in the
final model.

The possible effects of the type of stand on the C stockgy
(C stockgp, C stockpy , C stockp, and C stockyy,, ) as well as
on TOC, C stockgqy; , exchangeable cations (Nat, K*, Ca*?,
Mg*?), and SB in different mineral soil layers were analysed
using Linear Mixed Models (LMM) with the restricted max-
imum likelihood method (REML; Richards 2005). The type
of stand was considered as a categorical variable with three
levels: PS, PP and MM. In all cases, a null model consider-
ing the random effect of triplet was tested with the alterna-
tive model that included the fixed effects of the type of stand
plus the soil sand content (%sand). The Akaike information
criterion (AIC; Akaike 1973) was used to verify whether the
alternative model was more parsimonious, i.e. smaller values
of AIC, and the ANOVA was applied to test the significant
differences between the null and the alternative models (see
“Appendix 4”). One monodominant plot of P. sylvestris was
considered an outlier and excluded from all analyses because
it was the only one that presented aquic conditions (Soil-
Survey-Staff 2014; see triplet 03 in Table 2, “Appendix 17).

B ® CNFsL *

BFsL (.
=BFsL () 100 + = CNFaL

=BFgL *
i CNHmL
BHmL 30 -

60 :
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20
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Fig.3 Mean + SE of total organic carbon (TOC mgC g™!) at four dif-
ferent depths of the mineral soil profile according to the type of stand.
Other abbreviations as in Fig. 2. Signification level: *p <0.05; (o)
p<0.1

Finally, linear correlations between some variables of
interest were investigated, using the Pearson’s coefficient
(p <0.05). In order to test the influence of the type of stand
on the nature of the leaf litter and to verify whether the TOC
comes from the leaf litter and/or the roots decomposition at
different mineral soil layers. Also the relationships between
TOC and either the exchangeable cations or SB were tested.
All statistical analyses were implemented in the R environ-
ment (version 3.3.3, R-Core-Team 2015) using LME4 pack-
age for LMM (Bates et al. 2015).

Results

Forest floor quantity and quality

The biomass of the fresh (Bgg ) and fragmented (Bg,; ) leaf
litter showed the same trend (p <0.05 for By, ; p<0.10

for By ) when comparing among stand types (Fig. 2a),
being higher in PS, lower in PP and intermediate in MM;
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Fig.4 Carbon stock (C stock, mean value, Mg ha_') in the forest
floor (green tones) for the organic layers (FsL, FgL, HmL: fresh, frag-
mented and humidified litter, respectively), and in the mineral soil
profile (brown tones) at four different depths according to the type of
stand. Signification level: *p <0.05; (¢) p<0.1

no significant trend was found for By,,; . An opposite sig-
nificant trend (p <0.05) was found for the C/N ratio of the
fresh litter (CNg ), being higher in PP, lower in PS and
intermediate in MM no clear trend was observed for CN,;,
and CNy,,,; (Fig. 2b). In addition, %PP was positively cor-
related with CNgy (r=0.64, p <0.005) and negatively with
Bpy, (r=—0.45; p<0.05), By (r=-0.54; p<0.025) and
Bpp (r=-0.46; p<0.05).

TOC in the mineral soil

The total organic carbon concentration (TOC) decreased
according to the depth in the three types of stand, as
expected (Fig. 3). It differed significantly (p <0.05) among
stands in the topsoil (0—10 cm), and almost significantly at
the third depth (20-30 cm, p <0.10). In the same way as for
the C stockSOIL, two different trends were found for TOC:
TOC_;gcm Was higher in PS, lower in PP and intermediate
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Table 1 Mean+SE of exchangeable cations concentration and sum
of bases (cmolc kg™!) at four different depths of the mineral soil pro-
file according to the type of stand

Depth (cm) PS MM PP p
Na* 0-10 0.86+0.04 0.87+0.03 0.80+0.03 *
10-20 0.84+0.03 0.87+0.02 0.80+0.02 *
20-30 0.82+0.04 0.85+0.03 0.81+0.04
30-40 0.80+0.05 0.87+0.04 0.85+0.06 *
K+ 0-10 0244005 021+0.02 0.16+0.03 *
10-20 0.1840.06 020+0.02 0.14+0.02 *
20-30 0.19+0.07 0.15+0.04 0.13+£0.04 (v
30-40 0.1940.07 0.12+£0.03 0.14+0.04 *
Ca*2  0-10 4.03+0.63 3.35+048 3.06+049 *
10-20 229+0.12 295+051 2.62+0.53
20-30 1.70+028 2254065 145+046 (v
30-40 1474022 1504038 1.65+0.68 *
Mgt 0-10 0.83+0.16 0.80+0.12 0.79+0.13 *
10-20 0.56+0.04 074+0.13 0.70+0.13 *
20-30 0.49+0.07 0.62+0.15 047+0.12 *
30-40 0.53+0.10 0.52+0.13 0.55+021 *
SB 0-10 6.00+0.84 5224062 481+0.66 *
10-20 3.87+0.17 4.76+0.66 4.29+0.69
20-30 3204034 387+0.84 2.86+0.59 (s)
30-40 2.99+030 3.00+0.56 3.18+0.96 *

Other abbreviations as in Fig. 2
Signification level: *p <0.05; (¢) p<0.1

in MM, while TOC, 3., was higher in MM. This latter
tendency, yet not significant, was also found at the second
depth (10-20 cm). In addition, TOC_;,.,, Was negatively
correlated with CNgg (r=—0.46; p <0.05), and TOC at
intermediate depths (10-20 cm and 20-30 cm) was posi-
tively correlated with %FR (TOCy_spcm: ¥=0.66, p <0.005;
TOC0_30em: 20-30 cm: r=0.76, p <0.005).

Cstock in the soil profile

The carbon stock in the forest floor (C stockgg) differed
almost significantly among stands (p <0.1), being higher in
PS (8.41 +1.43 Mg TOC ha™!), lower in PP (4.87 +0.89 Mg
TOC ha™!) and intermediate in MM (6.67 + 1.09 Mg TOC
ha™!). The same pattern was observed for the three fractions
of the litter (Fig. 4), being statistically significant only for
the fragmented litter (C stockg, , p <0.05) and almost sig-
nificant for the fresh one (C stockg, , p <0.10).

The carbon stock in the mineral soil (C stockgqgy)
decreased with depth in the three types of stand, as expected
(Fig. 4), but the differences among stands were only almost
significant (p <0.10) at 0-10 cm, 20-30 cm, and 30-40 cm.
Two different trends were found: C stockg_;p., and C
stocksy_so.m Were higher in PS, lower in PP and intermediate

in MM; by contrast, C stock;_3p.,, Was the highest in MM.
Cstocky_yocm Was also higher in MM (93.70+13.63 Mg TOC
ha™!), lower in PP (70.94 +10.20 Mg TOC ha™!) and inter-
mediate in PS (81.62+11.37 Mg TOC ha™!), but these dif-
ferences were not statistically significant (p =0.18).

Sum of bases and exchangeable cations
in the mineral soil

The same two trends found for TOC and C stock in the min-
eral soil were observed for the exchangeable cations and the
sum of bases (Table 1). In the topsoil (0—10 cm), exchange-
able cations (K*, Ca*?, Mg*?) and the sum of bases (SB)
differ significantly (p <0.05) among stands, being higher
in PS, lower in PP and intermediate in MM (Table 1). In
addition, K* (r=0.61, p <0.005), Ca*? (r=0.74, p < 0.005),
Mg*? (r=0.57, p<0.01) and SB (r=0.71, p <0.005) cor-
related positively with TOC at this depth. However, in the
10-20 cm soil layer, K™ and Mg*? reached significantly
higher values in MM (p <0.05), and a similar trend but not
significant (p >0.10) was found for Ca*? and SB. Again,
K* (r=0.53, p<0.025), Ca™ (r=0.73, p <0.005), Mg™
(r=0.56, p<0.01) and SB (r=0.70, p <0.005) correlated
positively with TOC at this depth. The same pattern was
observed at the third soil depth (20-30 cm), where MM
showed significantly higher values for Mg*? (p <0.05) and
almost significantly (p <0.1) for Ca™ and SB. At this depth,
only Ca*™ (r=0.91, p <0.005), Mg*? (r=0.81, p <0.005)
and SB (r=0.90, p <0.005) correlated positively with TOC.
In the deepest soil layer (30-40 cm), a different pat-
tern was observed: Ca*?, Mg*? and SB were significantly
(p <0.05) higher in PP, whereas K* was significantly higher
(p<0.10) in PS. Only K™ correlated positively with TOC at
this depth (r=0.53; p <0.025). Na* showed significantly
higher values in MM (p <0.05) at 0-10 cm, 10-20 cm and
30-40 cm, and did not correlate with TOC at any depth.

Discussion

Our results show, that when comparing monospecific and
mixed pine forests in central Spain, the carbon stocks and
exchangeable cations in the first 30 cm of the mineral soil
profile respond in a similar way to the influence of the type
of stand within the same soil layer, although patterns differ
considerably when comparing between layers. At the topsoil
(0-10 cm), C stock and cations reach higher values in PS,
lower in PP and intermediate in MM, whereas at the subsoil
layers (10-30 cm), it reaches higher values in MM than in
monospecific stands.

These different trends could be a consequence of the dif-
ferent mechanisms of soil carbon accumulation caused by
the type of litter deposited in each soil layer. In our study,
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the % PP was positively correlated with CNg; while CNgp
and the topsoil TOC were negatively correlated, while sub-
soil layers TOC are positively correlated to %FR. In the
same way, TOC and exchangeable cations were positively
correlated in all soil layer, so it seems the organic matter
could be the responsible of the exchangeable cations val-
ues. The higher exchangeable cations at the MM subsoil
layers could be related to the higher productivity described
by other authors in the same study area. In addition, the
higher C stock soil confers to the mixed stands a competitive
advantage if the forestry goal encourages the climate change
mitigation potential of the forests.

Carbon accumulation as a function of stand type

Our results showed that the response of TOC and C stock to
tree species composition in the 0-30-cm layer depends on
the soil layer, with higher C stocks under PS in the 0-10 cm
and greater C accumulation under MM in the 10-30 cm.
Below 30 cm, there was only limited evidence of any tree
species effect.

We postulate that the different trends between the 0—10-
and 10-30-cm layers are mainly related to the type of litter
input since the decomposition of plant tissues in terrestrial
ecosystems regulates the transfer of carbon and nutrients to
the soil (Wang et al. 2014). C inputs to forest soils are related
to leaf litter type (Berg 2000; Andivia et al. 2016) and roots
(Rasse et al. 2005; Andivia et al. 2016). Possibly, the decom-
position of the organic matter of the leaf litter brings the
greater content of carbon to the topsoil (0-10 cm), whereas
in deeper layers the greatest contribution comes from the
roots (Andivia et al. 2016).

Regarding the upper mineral soil layer, we found a sig-
nificant negative correlation between CNgp and TOC_ o
Our results indicate that the monospecific stands of Pinus
pinaster accumulate less leaf litter (%PP and Bpp correlate
negatively) than those of P. sylvestris. In addition, the P.
pinaster leaf litter appears to be more recalcitrant than that
of P. sylvestris since it has a significantly higher C/N ratio
in the fresh fraction as also found by Herrero et al. (2016).
In fact, CNg, and %PP correlate positively. Augusto et al.
(2015) found that the species with more sclerophyllous foli-
age have higher lignin content and higher C/N ratio. The
presence of more chemically recalcitrant compounds such
as lignin could explain the lower decomposition rate of litter
(Wang et al. 2016), and in turn the lower C input into the soil
as humic substances. As a result, at the topsoil (0—10 cm)
the TOC and C stock were higher in PS, lower in PP and
intermediate in MM. Gallardo et al. (1991) also found lower
carbon content in the first soil horizon in P. pinaster stands
in relation to P. sylvestris stands.

At intermediate depths (10-30 cm), we found a signifi-
cant positive correlation between TOC and %FR, suggesting
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that at deeper soil layers the greatest C input to the soil
mainly comes from the decomposition of the organic matter
from the fine roots, as found by other authors (Andivia et al.
2016). According to this, the higher TOC and Cstockgy.
values in MM at intermediate depths (10-30 cm) could be
related to a higher %FR that, in turn, correlates positively
with the richness of the understory vegetation (unpublished
data). The higher richness of the understory vegetation
due to plant community composition in mixtures may also
influence storage of soil carbon through species-specific dif-
ferences in plant detritus chemical composition and input
rates (Ahmed et al. 2016). In plant communities where root
litter is composed of inputs of many species, more com-
plex organic forms are formed compared to the root litter
of monospecific forests (Ahmed et al. 2016). It has been
demonstrated that the highly complex and heterogeneous
organic residues found in the soil organic matter of mixed
communities alter the residence times of these compounds in
the soil due to differences in biodegradability (Ahmed et al.
2016), even it was reported that high diversity of leaf litter
promoted the rate of decomposition (King et al. 2002). On
the other hand, a positive correlation between the tree spe-
cies diversity, fine root biomass and C stock in deeper layers
of the soil (30-40 cm) has been previously described by
Dawud et al. (2016). They comment that the greater inputs
of root litter cause higher accumulation of soil carbon stocks
and relate the belowground niche complementarity with the
mixed forests higher carbon accumulation in deeper lay-
ers, i.e. the stratification of roots of different tree species
to top and subsoil in different stands (Dawud et al. 2016).
In mixed forests also species interactions may increase pro-
ductivity through the resource use complementarity (Ahmed
et al. 2016). Tree species may behave differently in a mix-
ture compared with their behaviour in monospecific stands
(Brandtberg et al. 2000). In some cases, it has been shown
to change towards a deeper rooting in admixtures (Brandt-
berg et al. 2000). In addition, different rooting depths and
root turnover rates among species impact soil organic carbon
distribution (Cremer and Prietzel 2017).

Next to a higher contribution of C inputs from roots in the
10-30-cm layer, higher values of TOC and C stock at inter-
mediate depths could also be related to a greater thickness of
the first mineral horizon in mixed stands in relation to mon-
ospecific stands MM =22.8+3.5 cm, PS=14.7+3.5 cm,
PP=15.3+1.9 cm; see “Appendix 17). SchleuB et al. (2014)
have already reported the higher thickness of the A horizon
in mixed stands in relation to monospecific stands, study-
ing a tree diversity gradient with European beech being
increasingly diluted by other species (dominance of 1, 3
or 5 species). Under 30 cm depth, the trends are confusing
because TOC was less than 1% and the observed effects
of stand type are limited. In the same way, Ahmed et al.
(2016) confirmed the lack of differences between treatments
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for 40—-100 cm depth when comparing admixtures versus
monospecific stands of Betula pendula, Alnus glutinosa and
Fagus sylvatica.

Some authors have reported that the mixture of tree spe-
cies significantly affect soil organic carbon stocks (Andivia
et al. 2016; Cremer et al. 2016). This effect was reported
not only for the topsoil (Andivia et al. 2016) but also for
deeper layers of the mineral soil (Jandl et al. 2007), even
in plantations (Liu et al. 2017). These authors highlight
the positive effect of mixed stands in carbon accumulation
(Jandl et al. 2007; Andivia et al. 2016; Cremer et al. 2016),
more pronounced along time (Liu et al. 2017), but always
when the mixtures combined species with contrasting traits,
such as broadleaf—conifer. Despite the effect of admixture
on soil C stock and TOC was limited in our study, probably
because both tree species belong to the same genus, a rela-
tively strong tree species identity effect was observed in the
FF and 0-10 cm layer.

Exchangeable cations

An indirect effect of exchangeable cations and sum of bases
was also reported due to the different carbon amounts.
It is likely that the effect of tree species composition on
exchangeable cations and SB is mediated by their effect on
the carbon (Cremer and Prietzel 2017). Soil organic mat-
ter improves the soil capacity to retain nutrients including
exchangeable cations (Beldin et al. 2007), but also litter
decomposition returns nutrients bound in organic mate-
rial to mineral form in the soil (Gartner and Cardon 2004).
In fact, we found a positive correlation between TOC and
exchangeable cations from 0 to 30 cm depth, because soil
organic matter plays an essential role in retaining soil base
cations especially in sandy soils (Wang et al. 2017). As a
result, exchangeable cations and SB describe the same two
tendencies found for the carbon storage: higher values in
PS, lower in PP and intermediate in MM, at the topsoil, but
higher values in MM at intermediate soil layers.

Also it should be mentioned that in mixed forests com-
posed by species with different rooting depth, deep system
species absorbed nutrients from deeper soil horizons and
redistributed the basic cations to the upper layers of the soil
(Brandtberg et al. 2000). This fact could not be contrasted
since there is no agreement in the literature on the rooting
depth of the two species under study. According to Bravo-
Oviedo and Montero (2008), P. sylvestris has a xeric-meso-
philic character with a powerful root system: long main root
and oblique secondary radical system, and P. pinaster has a
xerophytic character with a potent radical system: very deep
main root and horizontal secondary radical system. Other
authors describe the highest density of roots for P. sylvestris
(Finér et al. 2007), and for P. pinaster (Sudmeyer et al. 2004)
at the first 50 cm, and Montero et al. (2005) mention that the

21.4% of the total biomass in P. sylvestris is root biomass
and the 22.1% for P. pinaster.

Implications for forest management

We would like to point out that our results have important
implications for forest management in the context of adapta-
tion and mitigation to climate change through carbon seques-
tration or at least soil carbon preservation (Schleuf et al.
2014).

Even though the differences in TOC and C stock between
stands at the intermediate layers of mineral soil were not
statistically significant, the significant higher values of
some exchangeable cations at intermediate soil layers in
MM should make us reflect on the management strategies
of Scots and Maritime pine stands in Spain. First, because
Scots and Maritime pine forests occupy an important area in
Spain, growing in monospecific and mixed stands (Serrada
et al. 2008). Second, because the subsoil carbon is known
to be more effectively stabilized as compared to topsoil or
litter layer carbon (Rumpel and Kogel-Knabner 2011); there-
fore, potential losses of soil carbon from subsoil induced
by warming will lag in time and provide a temporal buffer
(SchleuB et al. 2014). Third, because exchangeable cations
serve as good indicators of soil fertility and are critical nutri-
ents for both plant and microbial metabolism; in fact, the
lack of exchangeable cations availability constraints net pri-
mary productivity (Wang et al. 2017). And, fourth, because
in mixed-species communities, species interactions may
either increase productivity through resource use comple-
mentarity (Ahmed et al. 2016). Some authors have reported
a positive effect of species mixing by light use efficiency, in
mixtures of P. sylvestris and P. nigra (Jucker et al. 2014),
by water use efficiency, in Mediterranean areas (Vila et al.
2007), or by growth efficiency, in admixtures of P. sylvestris
and P. pinaster at the same study area (Riofr{o et al. 2016;
Ruiz-Peinado et al. 2017), although the effect of mixing on
productivity varies with stand development stage, stand den-
sity and site conditions (Ruiz-Peinado et al. 2017). In the
same study area, Riofrio et al. (2017) have found a canopy
vertical stratification by the complementarity of the crown
in the mixed stand of Scots and Maritime pines in relation
to monocultures that could affect productivity.

Conclusions

Despite the effect of the studied admixture on soil C stock and
TOC is limited, probably because both tree species belong
to the same genus, a relatively strong tree species identity
effect is observed in the FF and 0—10-cm layer. Moreover,
the influence of stand type on the first 30 cm of the mineral
soil shows different patterns when comparing between layers:
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in the topsoil (0-10 cm) C stock is higher in monospecific
Scots pine stands whereas in the subsoil C stock is higher
in the mixed pine stand. These different patterns could be
related to the amount and type of litter deposited in each soil
layer (leaf and/or root litter) and to the different thickness of
the first mineral soil horizon. Finally, these influences of the
stand type on carbon of the mineral soil profile are reflected
in differences in the exchangeable cations.

The positive effects on goods and services, such as carbon
sequestration, in mixed stands in relation to monospecific
stands of the same genus species should make us to reflect
on: (1) the use of mixtures as a strategy to combat climate
change, due to the advantage in the accumulation of carbon
in the subsoil layers where it is protected from external dis-
turbance; and (2) the implementation of the adaptive forest

management that includes a non-monetary good and ser-
vices (carbon sequestration or biodiversity conservation) as
is demanded in a new climate change scenery.
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Appendix 1

See Tables 2, 3 and 4.

Table 2 General soil properties of the soil profiles excavated under the monospecific stands of Scots pine (P. sylvestris)

Stand type Pinus sylvestris—monospecific stands
Triplet 01 02 03 04 05 06
Soil type Typic dystroxerept ~ Typic dystroxerept ~ Aquic humixerept  Typic dystroxerept  Typic humixerept — Typic dystroxerept
Horizon Ah Ah Ah Ah Ah Ah
Colour
Dry 10YR 4/2 10YR 4/2 10YR 4/1 10YR 5/2 10YR 4/2 10YR 772
Wet 10YR 2/2 10YR 3/2 10YR 2/1 10YR 3/1 10YR 2/1 10YR 6/3
Thickness (cm)  0-10 0-15 0-12 0-8 0-15 0-28
Soil texture Sandy loam Loamy fine sand Loam Sandy loam Sandy loam Sandy loam
Sand/silt/clay 51/36/10 75/15/6 44/30/18 56/21/14 55/21/13 81/9/8
Stones (%) 2.25 7.90 6.11 9.04 2.68 13.03
pH (H,0) 4.22 3.95 4.35 4.63 4.05 4.45
Horizon AB AC AC AB AB C
Colour
Dry 10YR 6/4 10YR 7/3 10YR 6/1 10YR 6/6 10YR 6/3 10YR 4/1
Wet 7.5YR 4/6 10 YR 5/4 10YR 4/1 10YR 372 10YR 5/3 10YR 5/6
Thickness (cm) 1040 15-35 12-30 08-30 15-40 28-65+
Soil texture Loam Loamy fine sand sandy loam loam Sandy loam Loamy fine sand
Sand/silt/clay 35/39/17 79/10/8 58/26//12 48/41/12 53/23/12 74/12/11
Stones (%) 24.61 11.83 20.24 25.68 11.68 5.53
pH (H,0) 4.79 4.22 4.77 5.37 4.75 4.60
Horizon Bw C Cg C C -
Colour
Dry 7.5 YR 5/6 10 YR 6/6 10YR 8/1 10 YR 7/4 10 YR 7/4 -
Wet 5 YR 4/6 10 YR 4/6 10YR 6/1 10YR 5/8 10YR 5/8 -
Thickness (cm)  40-60+ 35-65+ 30-60+ 30-60+ 40-60+ -
Soil texture Loam Sandy loam Sandy loam Loam Sandy loam -
Sand/silt/clay 34/31/23 77/10/10 60/21/11 35/35/22 49/26/16
Stones (%) 33.20 8.39 22.27 25.56 16.09 -
pH (H,0) 4.82 4.76 4.69 4.98 5.31 -

Soil: soil classification according to Soil-Survey-Staff (2014); Colour: dry and wet matrix colour (Hue Value/Chroma); Thickness: thickness of
each horizon; Soil texture: textural class according to Soil-Survey-Staff (2014); Sand/Silt/Clay: % of sand, silt and clay determined by the pipette
method (MAPA 1994); Stones: coarse soil material (>2 mm); pH (H,0): pH according to MAPA (1994)
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Table 3 General soil properties of the soil profiles excavated under the monospecific stands of Maritime pine (P. pinaster)

Stand type P. pinaster monospecific stands
Triplet 01 02 03 04 05 06
Soil type Typic dystroxerept ~ Typic humixerept ~ Typic humixerept — Typic dystroxerept — Typic humixerept  Typic dystroxerept
Horizon Ah Ah Ah Ah Ah Ah
Colour
Dry 10YR 5/3 10YR 4/1 10YR 5/2 10YR 6/2 10YR 5/1 10YR 6/2
Wet 10YR 3/2 10YR 2/1 10YR 3/1 10YR 3/1 10YR 2/1 10YR 4/1
Thickness (cm)  0-15 0-20 0-17 0-8 0-20 0-12
Soil texture Loam Sandy loam Sandy loam Sandy loam Sandy loam Loamy fine sand
Sand/silt/clay 52/34/13 64/16/11 66/18/8 80/12/5 65/16/11 85/9/5
Stones (%) 3.14 31.84 59.50 5.62 12.01 6.44
pH (H,0) 4.67 3.98 5.04 4.75 4.45 4.90
Horizon AB C C AC AC C
Colour
Dry 10YR 6/4 10YR 7/4 10YR 6/6 10YR 6/6 10YR 6/2 10YR 7/3
Wet 10YR 4/4 10YR 5/6 10YR 4/6 10YR 3/2 10YR 4/2 10YR 6/4
Thickness (cm)  15-30 20-60+ 17-57+ 08-34 20-30 12-50+
Soil texture Loam Sandy loam Sandy loam Sandy loam Sandy loam Loamy fine sand
Sand/silt/clay 48/37/14 72/10/13/ 68/15/10 74/13/8 59/24/11 84/8/6
Stones (%) 34.12 21.66 58.56 9.29 52.86 9.07
pH (H,0) 5.23 4.72 4.80 5.15 491 5.16
Horizon Bw - - C C -
Colour
Dry 5YR 5/6 - - 10YR 7/4 10YR 6/4 -
Wet S5YR 4/6 - - 10YR 5/8 10YR 4/4 -
Thickness (cm)  30-60+ - - 34-60+ 30-52+ -
Soil texture Clay - - Loam Sandy loam -
Sand/silt/clay 15/31/52 64/16/14 61/23/8
Stones (%) 38.09 - - 12.75 65.63 -
pH (H,0) 4.78 - - 5.01 441 -

Soil: soil classification according to Soil-Survey-Staff (2014); Colour: dry and wet matrix colour (Value/Chroma); Thickness: thickness of each
horizon; Soil texture: textural class according to Soil-Survey-Staff (2014); sand/silt/clay: % of sand, silt and clay determined by the pipette

method (MAPA 1994); stones: coarse soil material (>2 mm); pH (H,0): pH according to MAPA (1994)
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Table 4 General soil properties of the soil profiles excavated under the mixed stands of Scots (P. sylvestris) and Maritime (P. pinaster) pines

Stand type Mixed Stands
Triplet 01 02 03 04 05 06
Soil type Typic humixerept ~ Typic humixerept  Typic humixerept  Typic dystroxerept — Typic dystroxerept — Typic dystroxerept
Horizon Ah Ah Ah Ah Ah Ah
Colour
Dry 10YR 5/3 10 YR 5/2 10 YR 4/1 10 YR 6/2 10 YR 4/1 10 YR 6/1
Wet 10 YR 3/2 10 YR 3/1 10 YR 2/2 10 YR 4/1 10 YR 2/1 10 YR 3/1
Thickness (cm)  0-35 0-23 0-17 0-20 0-12 0-30
Soil texture Loam Sandy loam Sandy loam Loamy fine sand Sandy loam Sandy loam
Sand/silt/clay 43/46/11 66/11/13 53/23/15 77/14/5 51/24/18 72/14/9
Stones (%) 15.79 5.21 15.02 15.12 11.70 47.93
pH (H,0) 5.30 3.97 442 5.16 4.38 4.56
Horizon Bw C C C AC C
Colour
Dry 7.5 YR 6/6 10 YR 7/4 10 YR 6/3 10 YR 6/6 10 YR 6/3 10 YR 8/3
Wet SYRS/8 10 YR 6/6 10 YR 5/3 10YR 5/8 10 YR 4/4 10 YR 5/6
Thickness (cm)  35-75+ 32-60+ 17-54+ 20-50 12-24 30-70+
Soil texture Clay loam Sandy loam Sandy loam Sandy loam Sandy loam Loamy Fine Sand
Sand/silt/clay 24/33/31 69/14/15 72/12/11 71/14/11 47/22/17 78/14/5
Stones (%) 34.80 8.33 60.57 35.15 15.27 11.88
pH (H,0) 4.77 5.16 4.72 5.20 4.47 5.02
Horizon - - - - C -
Colour
Dry - - - - 10 YR 6/6 -
Wet - - - - 10 YR 4/6 -
Thickness (cm) - - - - 24-50+ -
Soil texture - - - - Sandy loam -
Sand/silt/clay 45/22/18
Stones (%) - - - - 17.88 -
pH (H,0) - - - - 4.55 -

Soil: soil classification according to Soil-Survey-Staff (2014); Colour: wet matrix colour (Value/Chroma); Thickness: thickness of each hori-
zon; Soil texture: textural class according to Soil-Survey-Staff (2014); sand/silt/clay: % of sand, silt and clay determined by the pipette method
(MAPA 1994); Stones: coarse soil material (>2 mm); pH (H,0): pH according to MAPA (1994)
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Appendix 2

See Tables 5, 6 and 7.

Table 5 General stand variables

. Stand type  Pinus sylvestris monospecific stands
for monospecific stands of P.

sylvestris Triplet 1 2 3 4 5 6 Mean +SE
N (trees ha™!)
Total 821.0 509.3 665.0 636.6 651.0 821.0 684.0+48.9
Scots 806.0 495.1 651.0 580.0 651.0 778.0 660.2+48.0
Maritime  14.0 14.1 14.0 56.6 0.0 42.0 23.5+8.7
G (m*ha™)
Total 54.2 49.2 47.7 48.9 54.9 333 48.0+£3.2
Scots 50.7 47.0 455 40.7 54.9 30.8 449+34
Maritime 3.6 22 2.3 8.2 0.0 2.6 32+1.1
DBH (cm)
Total 28.0+12 344+11 275+18 304+12 324+12 225405 292+1.7
Scots 27.8+1.1 323+1.0 272+18 293+10 324+12 222404 285+1.6
Maritime  56.7+0.0 44.7+0.0 453+0.0 454+58 0.0+0.0 27.7+0.3 36.6+8.2
Ho (m)
Total 17.0+03 193+03 185+0.8 22.1+0.2 21.8+03 16.8+0.2 19.3+0.9
Scots 17.1+03 193+03 184+08 22.1+0.2 21.84+03 16.6+0.1 19.2+0.9
Maritime  16.2+0.0 199+0.0 245+0.0 222+13 0.0+0.0 19.5+1.0 17.1+£3.6
Age (years)
Scots 100 151 105 78 121 44 99.8+14.9
Maritime 0 0 0 0 0 0 0.0+0.0

N: stems per hectare; G: basal area per hectare; Ho: dominant height; DHB: quadratic mean diameter. Age:
normal age

Table 6 General stand variables

. Stand type  P. pinaster monospecific stands
for monospecific stands of

Pinus pinaster Triplet 1 2 3 4 5 6 Mean +SE
N (trees ha™)
Total 566.0 806.4 538.0 1429.0 722.0 594.2 775.9+137.1
Scots 57.0 14.1 0.0 283.0 0.0 0.0 59.0+45.7
Maritime  509.0 792.2 538.0 1146.0 722.0 594.2 716.9+96.6
G (m*ha™)
Total 59.4 67.9 68.6 69.4 70.3 37.5 622+5.2
Scots 1.2 0.1 0.0 33 0.0 0.0 0.8+0.5
Maritime  58.2 67.8 68.6 66.0 70.3 37.5 61.4+5.1
DBH (cm)
Total 36.2+1.7 320+12 396+13 226+1.1 349+09 282+0.7 323425
Scots 15.8+22 9.7+0.0 0.0+0.0 95+18 0.0+0.0 0.0+0.0 5.8+2.8
Maritime 38.6+1.3 324+1.1 39.6+13 26.0+09 349+09 282+0.7 333+2.2
Ho (m)
Total 17.3+05 163+03 205+02 124+04 195403 15.6+02 169+1.2
Scots 10.8+1.8 7.0+00  0.0+0.0 7.3+0.9 0.0+0.0 0.0+0.0 42+19

Maritime  18.0£0.3 16.5+0.2 20.5+0.2 13.6+03 195+03 15.6+0.2 17.3+1.0
Age (years)

Scots 0 0 0 0 0 0 0.0+£0.0

Maritime 118 78 105 80 115 49 90.8+10.9

N: stems per hectare; G: basal area per hectare; Ho: dominant height; DHB: quadratic mean diameter. Age:
normal age

@ Springer



European Journal of Forest Research

Table 7 General stand variables
for mixed stands of scots and
maritime pines Triplet 1 2 3 4 5 6 Mean+SE

Stand type  Mixed stands

N (trees ha™!)

Total 523.0 693.2 693.0 1330.0 552.0 679.0 745.0+120.9
Scots 241.0 3254 495.0 764.0 354.0 396.0 429.2+75.1
Maritime ~ 283.0 367.8 198.0 566.0 198.0 283.0 316.0+56.3
G (m*ha™h)
Total 53.0 58.2 63.5 55.3 68.2 333 553+49
Scots 19.9 19.2 33.0 232 45.9 13.0 25.7+4.8
Maritime  33.1 389 30.5 32.1 22.3 20.2 29.5+29
DBH (cm)
Total 323+1.6 31.6x12 320+1.8 202+12 394+08 242+09 30.0+2.8
Scots 323+2.0 264+16 273+x18 16615 403+1.1 202+0.6 27.2+3.5
Maritime 403+2.2 364+13 435+24 250+1.6 37.6+1.1 298+1.1 354428
Ho (m)
Total 18.0+04 164+04 209+0.7 13.1+05 24.6+03 14.8+0.2 18.0x+1.7
Scots 17.5+£0.6 145+0.6 19.8+0.8 123+0.7 243+02 14.0+0.3 17.1+1.8
Maritime 18.5+0.3 18.1+03 23.7+0.5 142+0.6 25.0+0.6 159+0.2 192+1.7
Age (years)
Scots 118 117 100 78 109 44 943+11.7
Maritime 113 93 95 79 118 49 91.2+10.2
N: stems per hectare; G: basal area per hectare; Ho: dominant height; DHB: quadratic mean diameter. Age:
normal age
Appendix 3
See Fig. 5.
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Appendix 4

See Tables 8 and 9.

Table 8 Likelihood ratio test results

AIC
Null Alternative p value
C stockgg 89.39 88.38 0.08
C stockgg 32.26 31.59 0.10
C stockpy, 28.49 25.52 0.03
C stockyr 28.67 31.77 0.64
C stockgorr. 0-40 em 166.69 167.84 0.18
C stockgorr. 0-10 em —18.17 —18.42 0.10
C stockgomr. 10-20 em 139.24 141.40 0.28
C stockgomr. 2030 em 13.64 12.94 0.08
C stockgor. 3040 em —34.18 —35.44 0.06
Bpp 120.31 119.21 0.08
By 32.59 30.94 0.06
B, 78.76 75.18 0.02
Byl 86.36 89.37 0.61
CNgg 141.63 147.70 0.14
CNgg. 160.46 154.86 0.01
CNpgy, 2.78 4.24 0.28
CNymL —105.94 —102.33 0.82
TOCy_10em 74.39 69.36 0.01
TOC 420 em 70.47 73.42 0.38
TOCy0 30 cm 41.13 40.27 0.08
TOC50 40 em 34.09 36.43 0.30

The p values of the likelihood ratio tests are provided as well as
the Akaike information criterion (AIC) of the null model (triplet as
a random effect) and of the alternative model (triplet as a random
effect+stand type as a fixed effect+ %Sand as a fixed effect for the
mineral soil). Other abbreviations as in Figs. 2, 3 and 4

Table 9 Likelihood ratio test results

AIC
Null Alternative p value

Nag 10em —35.80 —38.67 0.03
Naty 20 em —43.74 —52.42 0.00
Naty 30 em —40.36 —40.01 0.13
Naty 40 em —33.44 -39.13 0.01
K& 10em —32.98 —-52.19 0.00
K}y 20 em 26.61 23.96 0.03
K3y 30 em 34.36 32.79 0.06
K3 40 em 30.01 22.70 0.00
Cad?oem 58.54 41.12 0.00
Caf s0em 54.49 56.08 0.23
Cai 30em 56.11 55.57 0.09
Cai soem 6.12 —7.99 0.00
Met0em 5.83 —14.65 0.00
ME{2 20 em 6.60 4.11 0.04
Mg32 30 em 5.22 3.04 0.04
Med? 40 em 45.80 2422 0.00
SBy_10em 66.92 48.79 0.00
SB 20 em 63.16 63.90 0.15
SBao 30em 64.21 63.10 0.07
SB3g 40 em 11.98 —5.69 0.00

The p values of the likelihood ratio tests are provided as well as
the Akaike information criterion (AIC) of the null model (triplet as
a random effect) and of the alternative model (triplet as a random
effect+ stand type as a fixed effect+ %Sand as a fixed effect). Other

abbreviations as in Fig. 2 and Table 1
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