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ABSTRACT

The seasonal variations of the content and composition of soil carbohydrates, a labile pool of the soil
organic matter, were studied in a Humic Cambisol located within the Atlantic temperate-humid
zone (Galicia, N.W. of Spain) and developed over basic schists and under different type of vegeta-
tion: Quercus robur (climax forest), Pinus pinaster and Eucalyptus globulus. Soil samples from the A
horizon (0-15 cm depth) of the three different forests were collected in spring, summer, autumn and
winter. The carbohydrate content was estimated by colorimetry after their extraction by a sequential
two-step acid hydrolysis method and further purification of the hydrolysates (first hydrolysis frac-
tion, FA, non-cellulosic polysaccharides; second hydrolysis fraction, FB, cellulosic polysaccharides).
'The total amount of neutral sugars (hexoses and pentoses) from the three forests was in the range of
2.9-27.4 g kg d.w., and represented between 5 and 12 % of the total organic C. The carbohydrate
content was much higher in the FA fraction than that in the FB fraction, hexoses predominating
over pentoses in both fractions. Seasonal variations of hexoses and pentoses exhibited the same be-
haviour pattern, showing that for FA and FB fractions higher concentrations of both neutral sugars
were found in spring and winter (mean values: 12 and 14 g total neutral sugars kg™ d.w., respecti-
vely) than in summer and autumn (7 and 8 g total neutral sugars kg ! d.w., respectively). Likewise,
for each year’s season, the total content of both hexoses and pentoses in both fractions varied in the
order: Quercus (16 g neutral sugars kg™ d.w.) > Pinus (9 g neutral sugars kg d.w.) > Eucalyptus (5 g
neutral sugars kg d.w.) forests. Vegetation type clearly affected soil organic carbon, carbohydrate
content and aggregate stability, while the ratio neutral sugar C / total organic C was mostly affected
by season. Compared to the climax oak forest, the pine and eucalyptus stands exhibited a significant
reduction in the content of carbohydrates, total organic C, total N and in aggregate stability, showing
a decrease in soil quality.

RESUMEN

Las variaciones estacionales del contenido y composicion de los carbohidratos del suelo, una de las fracciones ldbiles
de la material orgdnica del suelo, fueron estudiadas en un Cambisol Hiimico localizado en la zona templado-
hiimeda Atlintica (Galicia, N.O. de Espania) y desarrollado sobre esquistos bdsicos y bajo diferente tipo de vege-
tacion: Quercus robur (bosque climax), Pinus pinaster y Eucalyptus globulus. Se recogieron muestras de suelo del
horizonte A (0-15 cm de profundidad) de los tres bosques en primavera, verano, otofio e invierno. El contenido
en carbohidratos se determind por métodos colorimétricos, después de su extraccion por el método de hidrdlisis dcida
en dos etapas sucesivas y posterior purificacion de los hidrolizados obtenidos (FA, primera fraccion de hidrdlisis,
polisacdridos no celuldsicos; F'B, segunda Jfraccion de hidrdlisis, polisacdridos celuldsicos). El contenido total en
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azilcares neutros (hexosas y pentasas) de los tres bosques se encuentra dentro del rango de 2,9-27,4 ¢ kglss,y
representa entre el 5 y el 12 % del C orgdnico total del suelo. La concentracion de carbohidratos fue mucho mayor
en la fraccion FA que en la fraccion FB, predominando las hexosas sobre las pentosas en ambas fracciones. Las
variaciones estacionales de las hexosas y las pentosas mostraron el mismo tipo de comportamiento en las fracciones
FA y FB, presentando mayores concentraciones de estos aziicares neutros en primavera e invierno (valores medios:
12 y 14 g azicares neutros ég’l 5.5, res_pectiwamente) que en verano y oforio (7 y 8 g aziicares neutros kg’l 5.5,
respecliwamenle). Asimismo, en cada estacion del ario, el contenido total de hexosas y pentosas en ambas fracciones
de los tres bosques siguid el orden: Quercus (16 g aziicares neutros kg™ s.s.) > Pinus (9 g aziicares neutros kg™ s.s.)
> Eucalyptus (5 g azicares neutros kg™ s.s.). El tipo de vegetacion ejerci un claro efecto sobre el carbono orgdnico
del suelo, el contenido total de carbobidratos y la estabilidad de los agregados, mientras que la estacion del ario tuvo
una mayor influencia sobre la proporcion de C organico del suelo presente en forma de aziicares neutros. En com-
paracion con el robledal (vegetacion climax), se observd que el pinar y el eucaliptal presentaron menor contenido
en carbohidratos, C orgdnico total y N total y una disminucion de la estabilidad de los agregados, lo que demuestra
una disminucion de la calidad del suelo.

RESUMO

As variagdes sazonais no conteido e na composicio dos hidratos de carbono do solo, uma das fragées labeis da maté-
ria organica do solo, foram estudadas num Cambisolo hiimico sito na drea temperado-himida Atlintica (Galiza,
N.O. da Espanha) e desenvolvido sobre xistos bdsicos e sobre diferentes tipos de vegetagio: Quercus robur (floresta
climax), Pinus pinaster e Eucalyptus globulos. Foram colhidas amostras de solo do horizonte A (camada de 0-15
cm de prafundidade) das trés florestas, na Primavera, Verdo, Outono e Inverno. O conteiido de hidratos de carbono
Jfoi determinado pelo método colorimétrico, apds extragdo com hidrdlise dcida em duas etapas sucessivas e posterior
purificagio dos hidrolisados (FA, primeira fragio da hidrdlise, polissacarideos néo celuldsicos; FB, segunda fragio
da hidrdlise, polissacarideos celuldsicos). O conteido total de agiicares neutros (hexoses e pentoses) das trés florestas
encontra-se entre 2,9 ¢ 27,4 g kg" 5.s., e representa entre 5 e 12 % do C orgénico fotal do solo. A concentragdo de
hidratos de carbono foi muito maior na fragao FA no que na fragio FB, predominando as hexoses sobre as pentoses
em ambas as fragoes. As variagoes sazonais das hexoses e pentoses mostraram o mesmo tipo de comportamento nas
Jfragoes FA e FB, apresentando maiores concentragaes destes agicares neutros na Primavera e no Inverno (conteiidos
médios: 12 e 14 g agiicares neutros totais kg™ s.s., respectivamente) do que no Verdo e no Outono (7 e 8 g agiicares
neutros totais kg™ s.s., respectivamente). Alem disso, para cada estagio do ano, o conteiido total de hexoses e pentoses
em ambas as fragoes das trés florestas foi como se mostra a seguir: Quercus (16 g agiicares neutros kg™ 5.s.) > Pinus
(9 g agiicares neutros kg s.s.) > Eucalyptus (5 g agiicares neutros kg™ s.s.). O tipo de vegetagio teve efeito sobre o
carbono orgdnico do solo, o conteiido total de hidratos de carbono e a estabilidade dos agregados; porém, a estagio
do ano teve a maior influéncia na porcentagem de C organico do solo na forma de agiicares neutros. Comparati-
vamente com o carvalhal (vegetacio climax), observou-se que o pinhal e a floresta do Eucalipto tinham menos
conteiido de hidratos de carbono, carbono organico fotal e azoto fotal, e a estabilidade aos agregados fora menor, o
que demonstra uma diminuicio da qualidade do solo.
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1. Introduction

Soil carbohydrates represent between 5 and 25
% of the soil organic matter (SOM), the higher
values corresponding to soils with high contents
in SOM, such as peats and podzols (Cheshire
1979). They mainly came from plant debris, root
exudates, microorganisms and animal residues;
their content is variable depending on the type of
soil and soil management practices (Stevenson
1982). The polysaccharides of vegetal or micro-
bial origin are the most abundant carbohydrates
in soils, being hexoses the major components
of these compounds, followed by pentoses and
deoxy-hexoses (Cheshire 1979). Although it is
difficult to establish the specific origin of each of
these compounds, generally it is considered that
plants are the main source of soil pentoses while
hexoses and deoxy-hexoses are synthesized by
both plants and soil microorganisms (Cheshire
1979; Kawahigashi et al. 2003), whereas to at-
tribute a specific origin to some sugars, such
as glucose and ribose, is not possible (Cheshire
1979; Tanaka et al. 1995). Some carbohydrates
play an important role in soils due to its interven-
tion in the formation of an adequate soil struc-
ture for plant development and its contribution
to microorganism’s nutrition (Stevenson 1982;
Cheshire 1985; Schnitzer 1991; Haynes and
Francis 1993; Puget et al. 1999; Debosz et al.
2002).

In the development of forest ecosystems, SOM
plays a fundamental role. lts dynamics depends
to a great extent on both biotic (vegetation, mi-
crobial mass and activity) and abiotic (tempera-
ture, precipitation, parent material, topography)
factors (Kawahigashi et al. 2003), as well as
land-use and soil management. Several inves-
tigations have shown the relevance of studying
the labile fractions of the SOM as sensitive early
indicators of environmental conditions and land
use changes and soil management, before these
changes can be detected in recalcitrant organic
fractions or in the total soil C (Gregorich et al.
1994; Currie et al. 1996; Haynes 2000; Kaiser et
al. 2001; Debosz et al. 2002; Kawahigashi et al.
20083; Jolivet et al. 2006; Spielvogel et al. 2007;
van Hees et al. 2008). In this way, studies on
content and composition of carbohydrates, one
of the labile pools of the SOM, have provided
valuable information on its vegetal or microbial
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origin (Oades 1984; Kaiser et al. 2001; Debosz et
al. 2002; Rovira and Vallejo 2002), its lability and
hence its importance in SOM dynamics (Murata
et al. 1998, 1999; Debosz et al. 2002; Rovira and
Vallejo 2002; Kawahigashi et al. 2003; van Hees
et al. 2008) as well as its usefulness as an index
of changes in SOM in forest soils degraded by
wildfires and other disturbances (Spielvogel et
al. 2007; Martin et al. 2009). However, in spite of
its interest, information concerning the content
and composition of soil carbohydrates in forest
soils from the Spanish humid-temperate zone
is very scarce, and the influence of tree species
and season on this labile fraction of the SOM
has not been evaluated yet.

Galicia, located in the NW of Spain, is a moun-
tainous region with 2,000,000 ha of forest land
with scrub and tree stands, developed on a
complex mosaic of soil types and parent materi-
als. The Quercus robur forest is the climax veg-
etation; however, these forests have supported
various great deforestations mainly due to the
use of oak wood in the construction of ships for
the navy and sleepers for the railway. In the de-
cade of 1950 the damages produced in these
forests were intended to be counteracted with a
massive reforestation made with monoespecific
communities of pines and eucalyptus. Although
this action has protected the soils against ero-
sion, it provoked a negative effect by favouring
forest fires, which have increased in number,
extension and severity, provoking soil degrada-
tion and post-fire erosion due to the presence of
deep slopes in this mountainous region. Nowa-
days, although the majority of the territory is cov-
ered by pine and eucalyptus stands, oak forests
remained in some broad zones and its extension
is being boosted and protected (Carballas et al.
2009).

The aim of this work was to determine if sea-
sonal fluctuations over the year and changes in
the tree species modify the content and compo-
sition of soil carbohydrates and the soil quality in
a soil developed under a climax forest.
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2. Material and Methods

Site description

The study area was located in Galicia (NW of
Spain) within the Atlantic humid temperate zone.
In a broad area sited in the councils of Abegon-
do and Cambre (29TNH5988 and 29TNH5793,
respectively) (Forest district 1, Province of A
Corufa) with a Humic Cambisol (HC; World Ref-
erence Base for Soil Resources - WRB 2007)
developed over basic schist, three forests were
selected for the study: an oak forest (HC1), with
100 to 150-years-old Quercus robur L. (climax
forest taken as reference); a pine stand (HC2),
with 40 to 50-years-old Pinus pinaster L.; and
an eucalyptus stand (HC3), with 25 to 30-years-
old Eucalyptus globulus L. (the two latter stands
having been established after deforestation of
part of the oak forest in the same area). The
three forests were at 30-90 m a.s.l. in almost flat
sites. The climate data of the area taken from
the closest meteorological station (Mabegondo,
A Corufia) were: 13+4°C mean monthly air tem-
perature —minimum 7 °C, maximum 19 °C- and
80+66 mm of total monthly precipitation —mini-
mum 8 mm, maximum 200 mm. The highest
temperature (19.2+0.3 °C) was reached in sum-
mer (July-August) and the lowest (8.2+0.8 °C) in
winter (December-February) whereas the events
of most precipitation were registered in autumn
and winter (38 and 42 % of the annual precipita-
tion, respectively) and those of less precipitation
in spring (16 %) and summer (8 %).

Soil sampling

The soil was sampled in the three forests with
different vegetation at each season of the year:
spring (s), summer (su), autumn (a) and winter
(w). In each forest type, three plots of 6 m x 3
m were established. In each plot, after removing
the litter from the soil, 6-8 soil subsamples were
collected at random from the 0-15 cm layer of
the A horizon; they were mixed to form a repre-
sentative composite sample (2-3 kg) and were
maintained refrigerated (4 °C) until further pro-
cessing in the laboratory. After sieving at 2 mm,
the fraction < 2 mm, thoroughly homogenised,
was used for all subsequent analyses.
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Analytical methods

The methods described by Guitian Ojea and
Carballas (1976) were utilised to determine the
following properties: moisture content by oven-
drying soil samples at 105 °C for 6-7 h; pH in
H,O and KClI using a soil:solution ratio of 1:2.5;
exchangeable cations, cation exchange capac-
ity (CEC) and base saturation (BS) from the ex-
traction with 1 N ammonium acetate solution at
pH 7 for exchangeable Ca?*, Mg, K* and Na*
and with a triethanolamine-BaCl, solution at pH
8.2 for AP+ and H*; and free Fe and Al oxides by
extraction with a mixture of Tamm’s reagent and
sodium dithionite. The H* ions were measured by
potentiometry, K* and Na* by atomic emission
spectrophotometry, and Ca?, Mg?*, Fe®* and AP+
by atomic absorption spectrophotometry. Inor-
ganic C was not detected in the samples; there-
fore, the total organic C (Ct) content was deter-
mined on finely ground samples by combustion
in a Carmhograph 12 (Wosthoff). The total N (Nt)
was estimated by Kjeldahl digestion. The aggre-
gate stability (AS) of the soils was estimated from
the loss of soil with a rain simulator (Soto et al.
1991), which was placed with its outlet pointing
downward at a height of 2.5 m above the soll
samples placed on a 0.25 mm sieve surrounded
by a vertical splash collector of 177 cm? in areg;
the water was delivered at a rate of 45 mm h*'
for 30 min (an energy input of 24.2 J m?2 mm™)
and the material passing through the sieve was
estimated at the end of the experiment.

The soil carbohydrate content was estimated by
colorimetry after their extraction by a sequential
two-step acid hydrolysis and further purification
of the hydrolysates, following mainly the method
of Oades et al. (1970). The protocol comprises
a first step treating the soil with a solution of 5
N H,SO, at 105 °C for 20 min; the hydrolysate
(first hydrolysis fraction, FA) was recovered by
centrifugation. In a second step, the residue,
previously washed with water, was successively
hydrolyzed with 24 N H,SO, at room temperature
for 16 h and with 1N H,SO, at 105 °C for 5 h;
the hydrolysate (second hydrolysis fraction, FB)
was also recovered by centrifugation. After the
purification of the hydrolysates by cation and
anion exchange chromatography (Doutre et al.
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1978; Benzing-Purdie 1980; Martin et al. 2009),
the content of hexoses (H) and pentoses (P) in
the hydrolysates was estimated by colorimetry,
following the anthrone (Doutre et al. 1978) and
orcinol (Thomas and Lynch 1961) methods, re-
spectively, whereas the content of neutral sugars
(NS) was calculated as the sum of that of Hand P.
The carbohydrate concentration was expressed
in absolute values, as grams of glucose (Glu unit)
for hexoses, or xylose (Xyl unit) for pentoses, per
kg dry soil; and in relative values, as percentage
of the soil organic C content assuming that the
percentage of C in both glucose and xylose was
40 per cent. All the results were obtained by trip-
licate determinations and expressed on the basis
of oven-dry (105°C, 24 h) weight of soil (d.w.).

Statistical analysis

The coefficient of variation among three replicate
measurements was usually < 5 %. Correlations
between the carbohydrate content and other soil
variables were analysed by calculating simple
linear correlation coefficients using a matrix of
data corresponding to soil samples altogether.
For the whole data set, the one-way analysis of
variance was performed to compare: a) for the
same forest, the soil samples collected at differ-
ent season of the year; and b) for the same sea-
son, the soil samples collected from the three
forests with different vegetation. A two-way
analysis of variance for the whole data set was
also performed to determine the percentage of
variation attributable to factors season and type
of vegetation. The SPSS program (version 15.0)
was used for the statistical analyses. To reveal
the variations attributed to changes in the tree
species, the values of the main soil properties of
the Humic Cambisol under pines (HC2) and eu-
calyptus (HC3) were normalized with respect to
those of the Humic Cambisol under the climax
vegetation (HC1), using the equation Zij = [(Xij-
X)/SD], where Xij is the value for the forest under
vegetation i in season j, and X'y SD are the mean
value and the standard deviation, respectively,
for all samples from HC1.
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3. Results and Discussion

The main characteristics of the soil samples
from the Humic Cambisol under different types
of vegetation, collected in different seasons of
the year, are shown in Table 1. The soil pH was
acid and the exchangeable bases content was
low; consequently, the soil in the three stands
was unsaturated. It exhibited high content in to-
tal organic C and relatively high contents in to-
tal N and in free Fe and Al oxides that play an
important role in the stability of the SOM (Jac-
quin et al. 1978; Tanaka et al. 1995; Martin et
al. 2011). The aggregate stability measured by
loss of soil with a rain simulator was low. Due
to the abundance of SOM (Ct and Nt), the soil
probably has a high water retention capacity.
This is in agreement with the moisture content
of the soil samples from the three stands in all
the seasons of the year, being the soil under the
oak stand the one with the highest moisture and
total organic C content. (Table 1). All these char-
acteristics, generally associated with poor soils,
are representative of the forest soils developed
on acidic rocks in the Atlantic humid temperate
zone of the NW of Spain; however, the productiv-
ity of these soils is fairly high and permits the es-
tablishment of good forests. This is attributed to:
i) the abundance of SOM and humic substances
that contribute to the formation and stabilization
of aggregates acting as its main cement, and
that induces a high or very high buffer capacity,
which avoid significant variations in soil pH; and
ii) to the climatic conditions, with abundant and
well distributed precipitations and scarce peri-
ods of long drought (Gonzalez-Prieto et al. 1996;
Gonzalez-Prieto and Villar 2003; Carballas et al.
2009; Martin et al. 2011).

The total amount of NS, H and P in the soil
samples from the three stands collected in the
four seasons of the year (Table 2), were relatively
high (between 2.9 and 27.4 g kg) and lied in
the range given by other authors for forest soils
(Cheshire 1979; Murayama 1980; Martin et al.
2009). The H/P ratio indicates that hexoses were
the major component of the NS of the soil, which
is in agreement with different authors (Folsom et
al. 1974; Cheshire 1979; Kaiser et al. 2001; Ro-
vira and Vallejo 2002; Larré-Larrouy et al. 2004;
Jolivet et al. 2006; van Hees et al. 2008). The
total content of NS represented between 4.6
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% and 11.6 % of the soil organic C (average pentoses. These relatively high values are within
8.6+2.4 % Ct), of which 2.9-8.0 % Ct (average the range given frequently for a wide variety of
5.9+1.7 % Ct) were hexoses and 1.7-3.6 % Ct forest soils (Cheshire 1979; Stevenson 1982;
(average 2.7+0.7 % Ct) were pentoses; there- Murayama 1980; Oades 1984; Gregorich et al.
fore, the percentage of Ct in the form of hex- 1994; Tanaka et al. 1995; Martin et al. 2009).

oses was also higher than that in the form of

Table 1. Main characteristics of the soil samples from a Humic Cambisol developed under an

oak forest (HC1), a pine stand (HC2) and an eucalyptus stand (HC3), collected in spring, sum-

mer, autumn and winter (mean values of triplicate measurements). A. Mean+SD for each forest

in different seasons; B. Mean+SD for all the forests in the same season. C. Values for each
forest in spring

Forest Vegetation Season pHyo pHgc _Moisture  Loss of soil¥ Total N Organic C C/N

soil gH,0kgldw. gm?min’ gkgld.w.
HC1 oak spring 43 34 268 52 4.9 95 19
summer 4.7 3.8 164 12.1 2.8 59 21
autumn 4.8 3.8 218 8.9 3.1 60 19
winter 5.0 39 294 8.7 2.9 63 22
mean+SD 47403 3.7+0.2 236+57 9+3 34409  69+17 20+1
HC2 pine spring 5.0 4.0 156 13.2 3.0 39 13
summer 5.0 4.0 158 15.7 32 47 15
autumn 5.2 4.1 237 17.6 3.0 41 14
winter 53 4.2 328 16.3 33 46 14
mean+SD 5.1£0.1 4.1+0.1 220+82 16+2 3.1£0.2 4344 1441
HC3 eucalyptus  spring 4.8 3.6 85 17.8 23 30 13
summer 4.9 3.6 165 46.4 1.7 25 15
autumn 4.7 3.7 101 24.5 1.5 22 14
winter 4.7 3.7 193 16.7 1.8 24 13
meanSD 4.7+0.1 3.6+0.0 136+51 26+14 1.8+0.3 25+4 14+1
mean+SD spring  4.7+0.4 3.6+0.3 169+92 1246 34+£13 55+35 15+4
mean+SD summer 4.9+0.2 3.8+0.2 162+4 25419 2.6+0.8  44+17 1743
mean+SD autumn 4.9+0.3 3.9+0.2 185+73 1748 2.5+0.9 41£19  16+3
meanSD winter  5.0£0.3 3.9+0.3 272+70 14+4 2.740.8 4520 1645
Forest Vegetation Season Exchange complex
soil Ca? Mg K' Nat H' APY CEC BS Fe0; ALO;
cmol, keld.w. % gkgldw.
HC1 oak spring 0.5 08 10 03 37 10 40 6 205 98
HC2 pine sping 06 06 05 04 28 09 30 7 300 19.6

HC3  eucalyptus spring 08 04 06 05 17 08 19 12 189 77

#Loss of soil in a rain simulator measured for the estimation of aggregate stability (AS)
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Table 2. Content (g kg™ soil d.w.) and distribution of hexoses (H), pentoses (P) and neutral sug-

ars (NS) and the hexoses/pentoses ratio (H/P) in the two hydrolysis fractions (FA and FB) of soil

samples from a Humic Cambisol developed under an oak forest (HC1), a pine stand (HC2) and

an eucalyptus stand (HC3) collected in spring, summer, autumn and winter (mean values of tripli-

cate measurements). A. Mean+SD for each forest in different seasons; B. Mean+SD for the three
forests in the same season

. FA FB Total (FA+FB)
Forest soil Season
H P NS H P NS H P NS H/P
HC1 spring 16.3 82 245 2.5 0.4 2.9 18.8 86 274 2.2
summer 6.9 40 109 0.7 0.0 0.7 7.6 4.0 11.6 1.9
autumn 6.6 2.9 9.5 0.9 0.0 0.9 7.5 2.9 10.4 2.6
winter 10.4 39 143 1.7 0.3 2.0 121 4.2 16.3 2.9
meanSD 10+4 5+2 157 1£1  02+0.2 241 11£5  5+2 16£8 2.4+0.4
HC2 spring 5.2 3.1 8.3 1.1 0.1 1.2 6.3 32 9.5 2.0
summer 53 3.0 8.3 0.3 0.0 03 5.6 3.0 8.6 1.9
autumn 3.5 2.2 5.7 0.9 0.0 0.9 4.4 2.2 6.6 2.0
winter 7.5 40 115 1.6 0.3 1.9 9.1 4.3 13.4 2.1
meanSD 5+2 3+] 8+2  1.0£0.6 0.1+0.1 1.1+0.7 642 3+1 9+3  2.0+0.1
HC3 spring 3.7 2.1 5.8 0.9 0.0 0.9 4.6 2.1 6.7 2.2
summer 1.8 1.1 2.9 0.0 0.0 0.0 1.8 1.1 2.9 1.7
autumn 2.2 0.9 3.1 0.3 0.0 0.3 2.5 0.9 34 2.7
winter 3.8 1.8 5.6 1.0 0.2 1.2 4.8 2.0 6.8 2.4
meanSD 3+] 1+1 4+2  0.5+£0.5 0.1+0.1 0.6+0.5 3+l 1+1 5+2 22404
mean+SD spring 8+7 4+£3  13£10 1.5£0.9 0.2+0.2 1.7+1.1 10£8 53  14+11 2.1+0.1
mean+SD summer 543 3+] 7+4  0.3+0.3 0.0+0.0 0.3£0.4 5+3 3+1 8+4  1.840.1
meanSD autumn 4+2 2+1 6+3  0.7+£0.3 0.0+0.0 0.7£0.3 5+2 2+1 7£3 24404
meanSD winter 7+3 3+1 10+4 1.4+£04 0.3£0.0 1.7£0.5 9+4 3+] 12+5 2.5+04

The study of the distribution of the NS in the hy-
drolysis fractions FA and FB, expressed in ab-
solute values (Table 2) or relative values as per-
centages of the total soil organic C (Figure 1) has
permitted to obtain valuable information on the
composition of the carbohydrates, one of the la-
bile fractions of the SOM. The carbohydrates of
the first hydrolysis mainly come from the more
labile non-cellulosic polysaccharides of plant
and microbial origin, whereas those of the sec-
ond hydrolysis mainly come from the more re-
calcitrant cellulosic polysaccharides (Oades et
al. 1970; Cheshire 1979; Gregorich et al. 1994;
Tanaka et al. 1995; Puget et al. 1999; Rovira
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and Vallejo 2002; Larré-Larrouy et al. 2004). In
this study, the NS obtained in the first hydroly-
sate (FA) represented in average 90+5 % of the
total content, of which 59+4 % were hexoses
and 31x4 % pentoses, whereas in the second
hydrolysate (FB) only a mean value of 10+5 %
of neutral sugars was obtained, of which 9+4
% were hexoses and 1+1 % pentoses; there-
fore, the higher percentages of H and P were
obtained in the first fraction of the hydrolysis,
which is in agreement with other authors (Tanaka
et al. 1995; Puget et al. 1999; Larré-Larrouy et
al. 2004; Rovira and Vallejo 2007). The H/P
ratio was significantly higher (P < 0.05) in the
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second than in the first hydrolysis fraction (Table
2), suggesting a different contribution of H and
P to the NS in each fraction, in accordance with
other authors (Oades et al. 1970; Folsom et al.
1974; Murayama 1980). The low percentage of

pentoses in the second hydrolysis fraction (FB)
could be due to the predominance in the sail
of pentoses coming from the more labile poly-
saccharides (Cheshire 1979, 1985; Kaiser et al.
2001).

O] H-FA EI P-FA [ H-FB Bl P-FB |

C

d

©

-]
t

w
t

Sugar C/soil organic C (%)

40

20

Sugar C/total neutral sugars (%)

S su a w S

su

a

w s su a w

HC1

HC2

HC3

Figure 1. Content and distribution of hexoses (H) and pentoses (P) in the FA and FB hydroly-
sis fractions of the soil samples from a Humic Cambisol (HC) developed under an oak forest
(HC1), a pine stand (HC2) and a eucalyptus stand (HC3), collected in spring (s), summer (su),
autumn (a) and winter (w). Sugars content expressed: (l) as percentage of the total soil organic
C. (Il) as percentage of the total neutral sugars content (NS=H+P). For each forest, different
letters denote significant differences (P < 0.01) among seasons.

The most labile fraction of the carbohydrates,
composed by polysaccharides of non-cellulosic
origin, represented 7.6+1.8 % of the total or-
ganic C, of which 5.0+1.3 % correspond to hex-
oses and 2.6+0.6 % to pentoses, whereas the
most recalcitrant fraction mainly composed by
polysaccharides of cellulosic origin, only repre-
sented 0.9+0.6 % of the total organic C, being
hexoses the majority component (0.9+0.5 %
H; 0.1+0.1 % P). The higher proportion of labile
forms, more available to the microbiota than the
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recalcitrant ones, can positively influence the
soil microbial activity (Rovira and Vallejo 2002)
because the carbohydrates represent the main
source of C and energy for soil microorganisms
(Cheshire 1979; Schnitzer 1991; Gregorich et al.
1994; Kalbitz et al. 2003; van Hees et al. 2008);
this fact has special relevance for the soils of
the temperate humid zone with high content in
SOM and low microbial activity (Diaz-Ravifia et
al. 1988).
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The concentrations of H, P and NS in the anal-
ysed soil samples, expressed in absolute values
(9 kg-1 soil), were positively correlated with the
moisture content, organic Ct, Nt, exchangeable
H* ions and CEC, and negatively correlated with
BS (Table 3). These correlations seem to indi-
cate that the content in carbohydrates depends
mainly on the SOM content (C and N) and the
properties directly related to the organic mat-
ter, which is in agreement with other authors
(Folsom et al. 1974; Cheshire 1979; Murayama
1984; Angers et al. 1988; Tanaka et al. 1995).

Table 3. Significant correlation coeffi-

cients between the soil properties related

to the SOM and the variables related to

the carbohydrates in the set of the three
studied forests

Variables NS H P
HC/Ct 0L656*  0.668*  (0.612%
PCICt 0.610* 0,.586* 0.653*
Total N 0.005%%  (RR2%+ () 0930%*
Organic C  0.911%*%  0.907%% 0.900**
Loss of soil -0.669%% ) G76%% -0)630%*
Moisture 0.637*  0655*  0.581*
H 0.679*  0.683*  0.655%
CEC 0L.676* 0.681*  0.650%
BS 0660%  0.654%  -0.659%

**p<0.01; *P<0.05

A clear effect of the year’s season on the soil
carbohydrates content, whether it is expressed
in g kg soil or in percentage of Ct, and the
H/P ratio was observed in all the forests stud-
ied (Table 2, Figure 1). In general, the seasonal
fluctuations in the content of NS (H, P) showed
the same pattern, maximum values being found
in spring and/or winter and minimum values in
summer and autumn. Similar seasonal changes
of carbohydrates in the soil solution or in the
soluble OM fraction were also found by Kaiser et
al. (2001) and Kawahigashi et al. (2003).
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As expected, the pattern of seasonal variations
shown by the contents of NS, H and P in each
hydrolysis fraction, FA and FB, was similar to
that shown by the total contents of these car-
bohydrates in the soil samples from the three
forests, with maximum values in spring and/or
winter, significantly different (P < 0.01) from the
minimum values exhibited in summer and/or au-
tumn (Table 2). The seasonal variation of the soil
content in total organic C (Table 1), a variable
positively correlated with the content in carbo-
hydrates, could partly determine the seasonal
fluctuations of the soil carbohydrates. However,
the contents in H, P and NS, expressed as per-
centages of the soil organic C, showed a simi-
lar seasonal behaviour pattern although with a
higher influence of the season (Figure 1). All
these facts seem to suggest that other factors
besides the amount of soil organic C determine
the seasonal behaviour of the carbohydrates
in the soils. In fact, the seasonal variations ob-
served in the studied variables related to carbo-
hydrates can be attributed to fluctuations of cli-
matic factors, such as pluviometry (Guckert and
Jacquin 1973) and temperature (Kawahigashi et
al. 2003; Spielvogel et al. 2007), soil moisture
(Guckert and Jacquin 1973) and litter supply,
which modify the number and activity of soll
microorganisms (Kawahigashi et al. 2003) and,
therefore, the synthesis and degradation of the
carbohydrates (Kaiser et al. 2001). This is con-
sistent with the annual fluctuations in microbial
biomass observed in soils from the same area,
which exhibited maximum values in spring and
winter and minimum values in summer and au-
tumn (Diaz-Ravina et al. 1995). Therefore, since
marked seasonal fluctuations were observed in
the content of NS (H and P), the time of year is
an important factor to take into consideration in
order to determine and/or to compare the size of
the carbohydrates pool and its relative composi-
tion in a wide range of soils and/or in the same
soil collected at different sampling times.

The total content in H, P and NS, expressed in
absolute values (g kg™ soil), in the three forests
followed the order: oak forest (HC1) > Pinus
stand (HC2) > Eucalyptus stand (HC3) (Table 2,
Figure 1), with significant differences (P < 0.002)
among them, which seems to show the influence
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of the type of vegetation on the soil carbohy-
drates. In this sense, Kaiser et al. (2001) attribut-
ed the differences observed in the composition
of the monosaccharides in forest floor leachates
under coniferous and deciduous forests to the
different vegetation growing in the soil and the
age of stands. Likewise, Folsom et al. (1974)
noted that both the vegetation type and the soil
microbiota are the main factors responsible for
the differences in the composition of soil neutral
sugars. In general, the soil samples from the oak
forest (HC1) presented H/P ratios slightly higher
than those from the Pinus (HC2) or Eucalyptus
(HC3) stands (Table 3), in agreement with other
authors (Cheshire et al. 1984; Joergesen and
Meyer 1990; Kaiser et al. 2001) who attributed
the differences in the H/P ratios to the different
vegetation growing in the soils.

In general, seasonal variations were also ob-
served in soil aggregate stability (estimated from
the loss of soil in a rain simulator) (Table 1), with
maximum values in spring and winter that were
significantly different (P < 0.001) from the mini-
mum values observed in summer. The type of
vegetation also showed a marked influence on
soil aggregate stability, corresponding the lower
values to the soil samples from the Eucalyptus
stand (HC3), followed by those from the Pinus
stand (HC2), exhibiting the soil samples from the
oak forest (HC1) the highest values that were
significantly different from the others (P < 0.001).
These behaviour patterns, which were parallel
to that showed by the content in carbohydrates
in the soil samples from the three stands with
different vegetation, together with the negative
correlation found between the loss of soil (mea-
sured to estimate the aggregate stability) and
the soil contents in H, P and NS (Table 3), seem
to support the role of the carbohydrates in the
formation and stabilization of soil aggregates,
as indicated by several authors (Lu et al. 1998;
Puget et al. 1999; Larré-Larrouy et al. 2004;
Kavdir et al. 2005).

The effect of the study factors, year’s season
and type of vegetation, on the main soil proper-
ties analyzed was tested by means of ANOVA 2
(Table 4). The analysis of variance indicated that
the NS content (H and P) was significantly affect-
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ed by the season and vegetation, and that these
factors were not independent as indicated by
the significant effect of the interaction between
them (Table 4). The type of vegetation explained
most of the variance (44-48 %), the season ac-
counted for 24-25 % and the interaction be-
tween both factors explained a further 26-31 %
of the variance. For the H/P ratio only a signifi-
cant effect of the season (54 %) was observed.
A similar influence of the analyzed factors was
observed for the soil variables related to the car-
bohydrate pool, such as total organic C, total N
and aggregate stability. For these properties, the
vegetation explained 51-80 % of the variation,
the season accounted for 7-22 % of the variation
and the interaction between vegetation and sea-
son explained a further 13-27 % of the variation.
When the NS (H and P) values were expressed
as percentage of total organic C, the importance
of the vegetation as source of variation (2-8 %)
decreased notably and increased the season in-
fluence (55-73 %), and the interaction between
both factors was also significant (20-23 %).

These results seem to show that the type of
vegetation was the most determinant factor
for all soil properties analyzed. The oak forest
exhibited the highest values of organic Ct, Nt,
carbohydrates and aggregate stability, which
seems to indicate that these long-term changes
in soil properties can be partly attributed to the
different tree species planted. Therefore, taking
into account that the oak forest is the climax for-
est of the studied region and that the pine and
the eucalyptus stands were established on the
same area with the same soil after deforestation
of the climax forest, we have studied the conse-
quences of this action on soil quality, compar-
ing the values of the main variables studied in
the soil samples from the two stands with those
from the oak forest as reference. The results
showed that the contents in Ct and Nt as well as
the aggregate stability (AS), estimated from the
loss of soil with a rain simulator, were reduced in
the Pinus stand at all seasons of the year (mean
percentages of reduction: 34, 12, 93 %, respec-
tively) and that the reduction was much more im-
portant in the Eucalyptus stand (63, 36, 200 %,
respectively) (Figure 2). Similar behaviour was
found for the content of H and P, with decreases
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of 27 and 40 %, respectively, in the pine stand;
and 70 and 68 %, respectively, in the eucalyptus
stand (Figure 2). This is consistent with a previ-
ous study performed in the same temperate hu-
mid zone showing that in a soil developed under
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Pinus radiata, Eucalyptus nitens) the mass and
activity of the microbial component, the most
labile SOM fraction with a turnover rate of 1-3
years, followed the order: Quercus > Pinus > Eu-
calyptus (Alvarez et al. 2009).

three different types of forest (Quercus robur,

HC2s HC2su HC2a HC2w

HC3s HC3su HC3a HC3w

HC2s HC2su HC2a HC2w

HC3s HC3su HC3a HC3w

HC2s HC2su HC2a HC2w HC3s HC3su HC3a HC3w

£ 0.0

HC2s HC2su HC2a HC2w

HC3s HC3su HC3a HC3w
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8.0
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Figure 2. Evolution of the content in total organic C (Ct); total N (Nt); loss of soil measured to estimate the aggregate stability (AS);
and the content in hexoses (H) and pentoses (P) of soil samples from a Humic Cambisol developed under a pine stand (HC2) and
a eucalyptus stand (HC3), collected in spring (s), summer (su), autumn (a) and winter (w) (normalised data taking the oak forest
as reference).
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Table 4. Two-way analysis of variance (ANOVA2) for the effect of the season of the year and
the type of vegetation on: i) the content of neutral sugars (NS), hexoses (H), and pentoses (P)
expressed in absolute values (g kg™ d.w.); i) the percentage of total soil organic C (Ct) found in
the form of neutral sugars (NSC/Ct), hexoses (HC/Ct), and pentoses (PC/Ct); iii) the hexoses/
pentoses ratio (H/P); and iv) total organic C (Ct), total N (Nt), and the loss of soil, in the soll
samples from a Humic Cambisol developed under an oak forest, a pine stand and an euca-
lyptus stand, collected in different seasons of the year (spring, summer, autumn, and winter)

Proportion of
Variables Source of variation df S8 F ratio variation
(%)
NS Season 3 240 3734 25
Vegetation 2 460 1073*** 47
Season = Vegetation 6 268 20 28
H Season 3 120 2764+ 25
Vegetation 2 231 To6*** 48
Season = Vegetation 6 125 143+ 26
P Season 3 40 Op*E* 24
Vegetation 2 22 257 44
Season * Vegetation 6 28 G1*** 31
H/P Season 3 2 [ 54
Vegetation 2 1 1 19
Season * Vegetation 6 1 3 19
SNC/Ct Season 3 | 175%%* 68
Vegetation 2 11 ) 8
Season * Vegetation 6 30 2g%es 22
HC/Ct Season 3 51 159%*# 73
Vegetation 2 4 17%* 5
Season * Vegetation 6 14 2o%s 20
PC/Ct Season 3 7 i b 55
Vegetation 2 2 g 2
Season x Vegetation 6 3 15 23
Ct Season 3 1008 T1** 7
Vegetation 2 11736 12404%** 80
Season x Vegetation 6 1855 G4 13
Nit Season 3 4 224#%s 16
Vegetation 2 17 1316%#= 64
Season x Vegetation 6 5 131%%* 19
Loss of soil©  Season 3 844 405%*= 22
Vegetation 2 1902 1371 %%=* 51
Season x Vegetation 6 o975 234%*% 27

df, Degrees of freedom; 55, Sums of squares. ***P<0,001; *P<0.05
* Loss of soil in a rain simulator measured for the estimation of aggregate stability (AS)
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4. Conclusions

Soil carbohydrates represented a significant
pool of the soil organic matter (5-12 % of the
total organic C) in the three studied forests de-
veloped under a Humic Cambisol within the
Spanish humid temperate zone. A total of 90
% of the neutral sugars came from the more la-
bile non-cellulosic polysaccharides whereas the
neutral sugars from the more recalcitrant cellu-
losic polysaccharides represented only 10 %,
hexoses predominating over pentoses in these
two fractions of different lability.

The size and composition of the carbohydrate
pool significantly varied with the season of the
year, the type of vegetation and the interaction
between these factors. The type of vegetation
was the most important factor of variation for the
neutral sugars, followed by the sampling time
and the interaction of both factors.

The content of hexoses, pentoses and neutral
sugars in the three forests showed the same be-
haviour pattern, exhibiting values that followed
the order: Quercus > Pinus > Eucalyptus, with
important seasonal fluctuations, the maximum
values being found in spring and winter and the
minimum in autumn and summer.

The establishment of a Pinus or a Eucaliptus for-
est in the Atlantic soil after deforestation of part
of the old oak climax forest developed over the
same soil, considerably reduced the SOM (C
and N), including the carbohydrate labile pool,
as well as the aggregate stability, causing a de-
crease of the soil quality.
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