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Seasonal changes in organic carbon content
in post-arable forest soils

Abstract: The purpose of this work is to determine seasonal changes in the organic carbon content in the mineral topsoil horizon
of the Dystric Brunic Arenosols currently used as forest. In addition, the influence of forest age on the soil organic carbon (SOC)
content in the A horizon was analyzed. The paper presents the results of studies on temporal changes in the SOC content in the
mineral surface horizon of 55-year-old (Sk2) and 13-year-old forest (Sk5) in 2013 and 2014. Soil samples were collected from
A horizon once a month between April 2013 and March 2015. Based on the conducted studies, clear seasonal differentiation of the
SOC content was observed. Higher contents of SOC in the A horizon of the analyzed soils occurred in the autumn and winter months,
and were lower in spring and summer. For Sk2 soil, higher SOC values were observed in autumn and then in winter, which on
average were 11.08 g-'kg ™! and 9.61 g-kg! respectively, while lower in spring and summer (8.85 g'kg™! and 8.83 g-kg! respectively).
Also in the mineral topsoil horizon of Sk5 soil, higher SOC contents were recorded in autumn and winter (8.07 g'kg ' and 7.27 gkg™!
respectively), and lower in spring and summer (6.19 g-kg™' and 6.57 g-kg™' respectively). The periodicity of SOC content in plots
studied was related to the seasonality of precipitation and temperature. The research also showed that the age of the forest stand
influences significantly the content of organic carbon in the A horizon. Higher content of SOC was observed in the A horizon of the

55 years old forest stand (average 9.69 g-kg™!) than on the 13 years old (7.02 g'kg™").
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INTRODUCTION

Soil organic carbon (SOC) is an important contri-
bution to the global balance of this element. The
organic carbon resources contained in only 1 meter
of the upper layer of soil on the Earth are approxi-
mately 1550 Pg, which twice exceeds the biomass
reserve or resources in the atmosphere (Schlesinger
and Andrews 2000, Jobbagy and Jackson 2000, Lal
2008, Lal 2010). Forest soils form as a result of
a long-term mutual relationship with the forest stand.
The content of SOC depends on the balance between
the rate of inflow of fresh debris and decomposition
of organic matter. The rate of soil organic matter
decomposition depends on many factors: physicoche-
mical and biological properties of soils, climate, soil
water content, microorganisms activity and the
species composition of plant communities. In soils
used as a forest, organic matter is found primarily in
surface organic horizon (O) and in a mineral topsoil
horizon (A) (Polish Soil Classification 2011). So far,
studies on the temporary differentiation of SOC
content in soils mainly concern changes over the years
(Zak et al. 1990, Zwolinski 1998, Richter et al. 1999,
Lal 2000, Post and Kwon 2000, Vesterdal et al. 2002,
Smal and Olszewska 2008). Less attention is devoted
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to seasonal changes (Garcia-Oliva et al. 2003, Yavitt
and Wright 2001, Hill 2016). The SOC sequestration
studies after afforestation of former arable land
carried out by Post and Kwon (2000) and Vesterdal
etal. (2002) showed an increase in the content of SOC,
especially in the top 5-cm soil layer, but simultaneous
reduction in deeper soil layers (5—-15 and 15-25 cm)
with the forest age.

Observations made by Zak et al. (1990) and Richter
etal. (1999) and Deng et al. (2016) proved that in the
first years after afforestation, there is an initial
reduction in the organic matter content in the soil,
which may be associated with intensive forest growth
in its initial phase with a trace of fresh organic matter
entering the soil. Also Lal (2000), Smal and Olszew-
ska (2008), Laganiere et al. (2010) and Deng et al.
(2016) noted that the change in the way the soil is
managed from forest to agricultural can result in
losses of up to 50% of the carbon stocks after only
5-10 years of cultivation in tropical climate and
40-50 years of farming in temperate climate condi-
tions. Measurements conducted by Zwolinski (1998)
in forest soils showed that after 30 years there is a
clear transition of organic carbon compounds from
litter horizon to the mineral soil horizon and the
formation of A horizon. Zak et al. (1990), Post and
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Kwon (2000), Vesterdal et al. (2002) and Ritter (2007)
also observed that 30—40 years after afforestation the
content of organic matter in the forest begins to
increase noticeably by changing the forest from the
CO, emitter to its reservoir.

The seasonal change in the content of SOC is
determined by the cyclic inflow of plant residues to
the soil and the dynamics of their transformation in
the processes of mineralization and humification
(Wuest 2014). In the experiments carried out by
Garcia-Oliva et al. (2003), in tropical forests in the
western Mexico, seasonal fluctuations in the SOC
content were noted. Studies have shown that in the
rainy season, there was accumulation of labile nutri-
tional forms that persisted during the dry season and
increased the activity of microorganisms in the first
days of the rainy season. Garcia-Oliva et al. (2003)
also showed that dry season litter samples were
characterized by higher SOC and N mineralization
than in the rainy seasons. These results suggest that
SOC content strongly depends on the seasonality of
precipitation. Turner et al. (2015) noticed that espe-
cially the biomass of soil microorganisms is subject
to strong seasonal fluctuations in relation to the soil
moisture. This decreases by about 50% in the dry
season in the tropical forests of Panama. Similar
studies were carried out by Wieder and Wright (1995),
in which they found that the seasonality of soil
moisture controls the distribution of forest litter in
tropical wet forests.

Studies conducted by Turner et al. (2015) in the
tropical forests of the Republic of Panama showed
that, the SOC content decreased during a four-month
dry season (January—April), and then rapidly incre-
ased during the rainy season. The difference between
the average SOC content in the rainy season and the
dry season was 16%. Observations by Ryan et al.
(2009) showed that the highest SOC content in the
soil was recorded in February (1.48%), while the next
measurement made in August showed only 1.15%.
Also, Hill’s research (2016) showed clear seasonal
differences in changes in SOC content. The rainy
season SOC soil content was 223.24 Mg-ha™! while
in the dry season 217.90 Mg-ha™'.

The aim of this work was to determine seasonal
changes in the organic carbon content in the mineral
topsoil horizon (A) of post-arable Arenosols, which
are currently used as forest. Additionally, the influ-
ence of forest stand age on the organic carbon
content in the A horizon was analyzed.

MATERIALS AND METHODS
Field investigation

The research was carried out in post-arable soils,
currently used as forest, in the village of Skrzynka
Wielka, located 21 km in the north of Shupca city
(Wielkopolska province). In this area 8 research plots
were distinguished, which represent different age
classes of fresh mixed coniferous forest (constituting
the first generation of forest), as well as a fallow land
and a cultivated field as a reference area, where: Sk1-90
years-old-forest stand, Sk2-55 year-old-forest stand,
Sk3-36 years old forest stand, Sk4-21 year-old-forest
stand, Sk5-13 years-old-forest stand, Sk6-fallow, Sk7-
17 years-old-forest stand and Sk8 arable land (Fig. 1)
(Forest Equipment Manual 2012). The research plot Sk2
was afforested with Scots pine (Pinus sylvestris L.)
as a dominant species with admixture of birch (Betu-
la L.). In the case of Sk5 plot the main species was
Scots pine with admixture of birch and beech (Fagus
L.). Soil samples form A horizon were collected once
a month between April 2013 and March 2015. On
each study area a plot of 2x2 m was designated and
then it was divided into 25 squares (with a side of 0.4 m).
Each time 5 soil samples located on the diagonal of the
measurement surface were collected: two undistur-
bed soil samples structure, to determine the soil bulk
density and actual soil moisture, and three disturbed
soil samples for chemical analyses. During the soil
samples collection, a soil temperature measurement
was carried out. Meteorological data was obtained
from the meteorological station located in Siernicze
Wielkie.

In this paper the results of temporal changes in
soil organic carbon content in the mineral topsoil
horizon of the 55-year-old-forest stand (Sk2) and
13-years-old-forest stand (Sk5) from 2013 to 2014
were presented.

Laboratory methods

In soil samples taken from mineral topsoil hori-
zons, the following parameters were determined:

— soil texture. The sand fraction was determined by
the sieve method, while the finer fraction was
determined by Casagrande’s hydrometer method
in the modification of Proszynski (PN 04032),

— soil organic carbon (SOC) content was determi-
ned by dry mineralization using the N/C 3100
JenaAnalytik analyzer. The amount of CO, emitted
during the mineralization was measured with
infrared radiation. Due to the lack of carbonates in
the soil samples, the obtained carbon results were
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FIGURE 1. Location of the research area and the digital elevation model

synonymous with organic carbon. The content of
organic carbon was determined in triplicate, while
in the paper results are presented as averaged
values,

— the actual soil moisture content was determined
by gravimetric method.

Statistical analysis

Basic statistical measures of position and dispersion
were used in the development of data. For each

research plot and season, the SOC content distribu-
tions were tested for normality using the Kolmogorov-
Smirnov test. Taking into consideration that distribution
of SOC content in particular seasons and years was
not normal, the non-parametric Kruskal-Wallis test
was used. This test was used to compare the SOC
content between the analyzed soils as well as between
individual years. Statistical analyzes were performed
using the Statistica 13.0 program (StatSoft, Inc.,
USA).



RESULTS AND DISCUSSION

The conducted analyses classified soil studied to
Dystric Brunic Arenosols (IUSS Working Group
WRB, 2015) (Table). The analysed soils are charac-
terized by a well-developed A horizon, which abrup-
tly and smoothly separates from the below
endopedones, which is a typical feature of soils
previously used for agriculture.

Figure 2 presents temporary changes in SOC
content in the mineral topsoil horizon of the soils
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studied during the research period. The data obtained
indicated a repeated increase in organic carbon
content in the autumn and winter months and its
decrease in the spring and summer period. A pattern
of this kind is probably related to decrease in soil
temperature and simultaneous growth of soil moisture
(Fig. 3-5) during autumn and winter seasons, which
limit an intensity of abiotic mineralization. Additio-
nally, we cannot exclude influence of increasing
inflow of fresh organic matter in the end of summer
and autumn periods (Prusinkiewicz et al. 1974). The

Horizon Depth Horizon Soil colour Soil Moisture ~ Soil Consistency TABLE.
boundaries texture structure Selected soil properties

Sk2 — Dystric Brunic Arenosols (Ochric)

(¢} 0-7 AS - - - - -

AE 7-10 AS 10YR 4/2 S d sg L

A 10-25 AS 10 YR 5/3 S d sg L

Bsv 25-27 CwW 10 YR 6/3 S d sg L

Blv 27-46 CwW 10YR 6/8 S d sg L

B2v 4664 CW 10 YR6/6 S sm sg L

Cl 64-85 CwW I0YR73 S m sg L

C2 >85 - I0YR7/3 S m sg L

Sk5 — Dystric Brunic Arenosols (Ochric)

O 0-2 AS - - — - -

Ap 2-27 AS 10YR 4/2 S m lgr L

Bvl 27-50 CW 10YR 5/6 S m sg L

Bv2 50-70 CwW 10YR 6/6 S m sg VFR

C 70< - 10YR 4/6 S m sg VFR

Explanations: horizon boundaries: AS — abrupt, smooth; CW- clear, wavy; soil texture lasses S — sand; moisture: d — dry;
sm — slightly moist; m — moist soil structure: 1 gr — very fine/thin, gr — granular; sg — single grain consistency: L — loose;

VFR — very friable.
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highest organic carbon content for both Sk2 and Sk5 (November), while for Sk5-8.92 g-kg™! (December).
plots in 2013 was recorded in November, 12.7 g'kg™!  Also, Turner et al. (2015) conducting research in the
and 8.4 g-kg™! for Sk2 and SkS5 respectively. In the tropical forest recorded a significant reduction in SOC
next year, also the autumn months were characterized content from 5% observed in November to 4% in

by the highest SOC contents for both Sk2-12.64 g'’kg™!  April, followed by a gradual increase in SOC content
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from May to September. Lower SOC content noted
for spring 2013 (10.02 g'kg™" and 6.7 g'kg™! respectively
for Sk2 and Sk5) was associated with the beginning
of the growing season and increasing in microbiolo-
gical activity, while in the summer of 2013 (9,1 g'kg™!
and 6,25 g-'kg™! for Sk2 and Sk5 respectively) could
be associated with an intensive mineralization
process, which was favored by higher temperature,
lower soil water content and higher microbiological
activity. The 2014 showed similar trend in SOC
content, the highest value were observed in autumn
season. However, in contradiction to the previous year
the lowest value of SOC was recorded during spring
season (7.5 g'kg™! for Sk2 and 5.9 g'kg™! for Sk5).
A coarse texture and low clay fraction content (2%
and 0% for Sk2 and SkS5 respectively) of soil studied
ensure highly oxidized environment with little
potential to physically protect organic carbon inputs
from abiotic mineralization and/or microbial attack.
This is probably why the carbon content in these
soils responded so clearly to changes in temperature
and soil moisture. A significant increase in the
content of SOC during autumn period could be a
result both a temperature drops and a soil moisture

increases (Fig. 3—6). Moreover, the effect of an
increase inflow of fresh organic matter to the soil
cannot be excluded, Prusinkiewicz et al. (1974)
informed that up to 60% of annual fall of organic
residue was observed in October and second, lower
maximum amounting up to 15% occurred in June.
Figures 5 and 7 present the average SOC contents
in the mineral topsoil horizon of the analyzed plots
in particular seasons and years. In the case of the Sk2
plot, higher SOC values were observed in autumn and
then in winter, which on average were respectively,
11.08 g'kg™!' and 9.61 g'kg™!, while lower in spring
and summer (8.85 g'kg™! and 8.83 g-kg™! respectively).
Also in the Sk5 plot, higher SOC content was
recorded in autumn and winter (respectively, 8.07
g'kg™! and 7.27 g'kg!), and lower in spring and
summer (6.19 g'kg™! and 6.57 g'kg! respectively).
Despite the evident seasonality of the SOC content
in the plot studied, no statistically significant diffe-
rences were found between contents of SOC in parti-
cular seasons in the Sk2 plot. A similar result was
obtained in the case of Sk5, however, in this case the
differences in the SOC content were between spring,
where the lowest content was observed, and winter
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characterized by the highest amounts of SOC. Lack
of statistically significant differences in SOC content
between particular seasons may be due to the short
measurement period and associated with it a small
number of sample. Analysing particular years, no
significant differences in SOC content between 2013
and 2014 were observed for both Sk2 and Sk5 plots.
Higher average annual content of SOC in the surface
mineral horizon was noted in 2013 (10.53 g-kg™! and

7.14 g'kg™! for Sk2 and SkS5 respectively) than in 2014
(9.20 g'’kg" and 6.96 g-kg™! for Sk2 and SkS5 respec-
tively).

Comparing the SOC content between the analyzed
plots, it can be concluded that the SOC amount in the
mineral surface horizon of the Sk2 was significantly
different from the Sk5 (Fig. 8). In the soil epipedon,
13-year-old-forest stand (Sk5) the average SOC
content was 7.02 g-kg™!, while in the A horizon of the
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FIGURE 8. The average SOC in the mineral surface horizon in Sk2 and Sk5 plots

55-year-old-forest stand (Sk2) this content was signi-
ficantly higher 9.69 g-kg™!'. Similar results were
obtained by Zak et al. (1990), Vesterdal et al. (2002),
Ritter (2007) and Laganiere et al. (2010), who also
observed an increase of organic carbon in soil
with age of forest stands. The analyzed soils were
previously used agriculturally, in which the SOC
balance in given soil was modified by cultivation and
the quantity and quality of the fresh organic matter
added to it. The change from agricultural to forest
use caused a decrease in the SOC content in the
surface horizon in the first years (13-year-old-stand,
Sk5) (Fig. 9). An average SOC content during
research period noted for 13-year-old forest stand was
7.02 g'kg ! and it was visible lower than for
arable field (8.52 g-kg™!). Also Zak et al.
(1990), Richter et al. (1999), Smal and Ol-
szewska (2008) and Deng et al. (2016) obse-
rved decreased in SOC content during the first
5-15 years after afforestation, followed by a
gradual increase of C stock. They suggested
that such pattern could be related to a small
inflow of fresh organic matter to the soils from
growing and developing forest crop and/or
human disturbance leading to strong soil
respiration. In consequence in 13-year-old-
stand, where probably mineralization process
of organic compounds prevails over accumu-
lation process, lower SOC content was noted
in comparison to Sk2. In the 55-year-old-fo-
rest stand (Sk2), the increased cyclic inflow
of fresh organic matter, and then its transfor-

13<pmar.old Hland

SSpmar okl Slard

arable and 4

mation contributed to the
higher SOC accumulation in A
horizon, additionally O hori-
zon is also developing. This
periodicity caused a greater
temporal variability of the
SOC content in the Sk2 soil
compared to the Sk5 soil. The
coefficient of variation of
SOC content in the mineral
topsoil horizon of the Sk5 plot
was 17%, while in the Sk2
35%. This temporal variability
of'the SOC content in the ana-
lyzed soils is more related to
the variation of soil moisture
than to soil temperature. In
, case of soil moisture, a higher
5kS temporal variability was obse-
rved in Sk2 than in SkS5,
whereas in the case of tempe-
rature there was an inverse re-
lationship. The values of variation coefficient of soil
temperature were 38% for Sk2 and 57% for Sk5, while
the values variation coefficient of soil moisture was
40% (Sk2) and 28% (Sk5) (Fig. 7, Fig. 8). According
to Aanderud et al. (2010) and Boerner et al. (2005),
SOC content influencing microorganism activity
strongly depends on temperature and water content
in the soil. In the autumn, low air and soil temperatu-
re, despite the simultaneous soil moisture increase,
could reduce the enzymatic activity of soils and
increase SOC accumulation. Comparing the water
content between the plots studied, it can be conclu-
ded on the basis of the Kruskal-Wallis test that the
amount of water in the mineral topsoil horizon of the
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FIGURE 9. The comparison of average content of soil organic carbon in
mineral topsoil horizon among studied forest stands and arable land
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Sk2 soil significantly differed from the Sk5 &

plot. The average soil water content during
research period for the Sk2 plot was 3.1%
(weight), while in the Sk5-5.4%. The avera- =
ge annual water content in the Sk2 during stu-
dy period decreased and amounted from 3.3%
in 2013 to 2.8% in 2014. This was related to
the seasonal distribution of atmospheric pre-
cipitation (Fig. 9).

The annual sums of precipitation for

Precipitation [mm]

2013-2014 period were 614 and 473 mm, re- |

spectively. According to Kaczorowska (1962)

on the basis of yearly amount of precipitation
studied years can be classified as 0
average in 2013 and in a dry year 2014 (Fig.
9). When confronting the results of SOC con-
tent in Sk2 and Sk5 with the annual amount
of precipitation some dependence could be
found. In the dry year (2014), the lower soil
water content contributed to the reduction of
carbon content in the Sk2 and Sk5 plots.
According to Bloniska (2011), in the soil exposed to
direct sunlight, as a result of the lack of a tight plant
cover, there is a marked decrease in enzymatic
activity with simultaneous accelerated mineralization
of organic matter as a result of, among others, high
soil moisture variability.

CONCLUSIONS

The obtained results of seasonal changes in soil
organic carbon content allow us to formulate the
following statements and conclusions:

1. The age of the forest stand significantly affects the
content of soil organic carbon in the mineral
surface horizon. The average SOC content in the
mineral topsoil horizon for the 55-year-old-forest
stand was 9.69 g-kg! while for the 17-year-old-
forest stand 7.02 g-kg .

2. Temporary changes in SOC content in the mineral
surface horizon of post-arable forest soils are cha-
racterized by evident seasonality. Higher SOC con-
tent in the surface horizon occurs in the autumn
and winter months, while it is lower in spring and
summer.

3. The periodicity of SOC content in forest soils is
related to the seasonality of meteorological condi-
tions. In the dry year (2014), a small amount of
precipitation led into lower soil moisture and
reduce the SOC accumulation in soil surface
horizons.

40 -

SPring20l3 -
suimemer?lE -
autumrn2Dls -

winter2013

=aring2 014
sumimer2 i
autumin 2004

winter2014 -

FIGURE 10. Seasonal sum of precipitation for 2013-2014 period
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Sezonowe zmiany zawartosci wegla organicznego

w porolnych glebach leSnych

Streszczenie: Celem pracy byto okreslenie sezonowych zmian zawartosci wegla organicznego w poziomie préchnicznym porol-
nych gleb rdzawych (Dystric Brunic Arenosols), ktore obecnie uzytkowane sa jako las. Ponadto analizie poddano wptyw wieku
drzewostanu na zawarto$¢ wegla organicznego (C Org) w poziomie prochnicznym. W pracy zaprezentowano wyniki badan czasowych
zmian zawartosci C, w poziomie prochnicznym gleb rdzawych drzewostanu 55-letniego (Sk2) oraz 13-letniego (Sk5) w latach
2013 i 2014. Probki do badan pobierano raz w miesiacu z poziomu akumulacyjno-préchnicznego w okresie od kwietnia 2013 do
marca 2015. Na podstawie przeprowadzonych badan zaobserwowano wyrazne sezonowe zréznicowanie zawartosci C o Najwyzsze
zawarto$ci C_ , w poziomie prochnicznym analizowanych gleb wystepowaly w miesiacach jesiennych i zimowych, natomiast najniz-
sze wiosna i latem. Dla gleby Sk2, najwyzsze warto$ci C_, obserwowano jesienia, a nastgpnie zima, ktore kolejno $rednio wynosity:
11,08 g'kg™'i 9,61 g'kg™!, natomiast najnizsze wiosna 1 latem (odpowiednio: 8,85 g-kg!i 8,83 g'kg!). Rowniez w poziomie
prochnicznym gleby Sk5 najwyzsze zawartosci C_, odnotowano jesienig i zima (kolejno: 8,07 g'kg'i 7,27 gkg™), a najnizsze
wiosna i latem (kolejno: 6,19 g-kg™'i 6,57 gkg™). Obserwowana zmiennos¢ zawartosci wegla organicznego zwiazana byla z sezo-
nowos$cia warunkow meteorologicznych (opadéw atmosferycznych i temperatury). Przeprowadzone badania wykazaty rowniez, ze
wiek drzewostanu wplywa istotnie na zawarto$§¢ wegla organicznego w poziomie prochnicznym. Wyzszymi zawartos$ciami C ore
charakteryzowat sie poziom prochniczny 55-letniego drzewostanu ($rednio 9,69 g-kg™") anizeli lasu 13-letniego (7.02 g-kg™).

Stowa kluczowe: wegiel organiczny gleb, zmiany sezonowe, porolne gleby rdzawe



