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Abstract. In organic farming, it is important to maintain soil fertility with organic fertilisers;
often organic compost, manure, or durry is used. However, the effects of lake sediment in
maintaining and improving soil fertility are less studied. The direct and residual effects of a
one-time application of 50 t ha* or 100t ha* of lake sediment were compared to an unfertilised
control for oats (Avena sativa) (2015) followed by spring barley (Hordeum vulgare) in 2016,
under organic farming conditions. Soil chemical composition, microbia activity in the 0—-20 cm
soil layer, grain yield, and grain quality were tested. The application rate, 100 t ha?, increased
(P < 0.05) the sail organic carbon (SOC), the amount of mobile calcium (Ca), total nitrogen (Niot),
and boron (B) content in soil. Both application rates increased (P < 0.05) the amount of
magnesium (Mg), copper (Cu), and manganese (Mn) content in the soil. The application rate had
no effect on soil pH. Soil dehydrogenase activity (DHA) was higher (P < 0.05) at 100 t ha* than
the control and the lower application rate. Both rates of lake sediment application significantly
(P < 0.05) increased the grain yield and test weight for oats in 2015. Positive residud effects on
spring barely yield only occurred in the 100 t ha? treatmentsin 2016. No residual impact of lake
sediment was found on spring barely quality.

Key words: Avena sativa, Hordeum vulgare, lake sediments, organic farming, soil chemical
composition, soil dehydrogenase activity.

INTRODUCTION

Thereare 1,534 natural, 525 reservoir, and 489 artificial |akesin Estonia, as of 2020
(Estonian Environmental Register, 2020). The main stages of devel opment of Estonian
lakes are dystrophic, with high levels of humic substances, and eutrophic, with high
levels of nutrients (Koiv, 2012). The result is that lakes become overgrown and a bog
beginsto develop. To stop this phenomenon, remediation plans have been drawn up for
several lakes (Kahala lake, JGepere lake, Elistvere lake etc.). According to these plans,
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the sediment would be partially removed from the lakes. It is not advisable to leave the
removed sediment on the shore of the lake as most of the nutrients would drain back into
the lake. In addition, depending on the lake, the amount of sediment may be too much
for the shoreline to accommodate, for example, at lake Kahaa about 12.07 million m3
of sediments was removed. Therefore, the sediments recovered during the restoration
process must be placed somewhere else (Metsur et d., 2015).

In organic farming, it is important to maintain soil fertility, but only via organic
methods. In addition to other organic fertilisers, such as organic compost, manure, or
dlurry, the use of lake sediments could be aso a possible method of maintaining and
improving soil fertility.

Lake sediment (sapropel) rich in organic matter and mineras are formed from
different organic compounds, such as the remains of aguatic plants and animals
(Stankevicaet al., 2016). Lake sediments are recommended for use on soils with lighter
texture, where fertilisation effects occur more quickly (Kalmet et al., 1996).

Several studies on lake sediments have been published in nearby countries — other
Baltic countries such as Latvia and Lithuania (Baksiene, 2009; Baksiene &
Asakaviciute, 2013; Grantina-levina et a., 2014; Baksiene et al., 2015), Finland
(Salonenet al., 2001), and Russia (Bogush et al ., 2013). Positive effects on soil chemical,
physical (Baksiene, 2009; Baksiene & Asakaviciute, 2013), and microbial properties
(Grantina-levina et a., 2014; Hristeva & Bozhinova, 2017) have been found from
sapropel application. Some studies show that fertilisation with lake sediments increases
crop yields (Baksiene, 2004; Baksiene, 2009; Baksiene & Asakaviciute, 2013).
However, Naumova and her colleagues (2017) found no effect of lake sediments
application on yields.

At the same time, there may be some risks associated with using lake sediment as
an organic amendment. Rapid industrialization and urbanization have led to a high
accumulation of heavy metals in lake sediments, mainly originating from industrial
discharge and waste from municipal activities (Li et al., 2012). Due to their toxicity,
persistence, and bioaccumulation, heavy metals pose a potential threat to ecological
system and human health (Li et al., 2012). However, heavy metal content analyses of
freshwater sediment in Poland (Tylmann et al., 2011), Lithuania (Kruopiene, 2007), and
Latvia (Stankevica et da., 2012) showed that the concentrations in sediment were
generally low.

To our knowledge this is the first study in Estonia to examine the effects of lake
sediment on soil chemical and microbia properties and on cereal yield and quality when
used as an organic fertiliser in organic agriculture. The objective of this study was to
assess the soil chemical composition, soil microbial activity, grain yield and quality of
oats and spring barley when fertilised with various rates of lake sediment in organic
farming conditions.

MATERIALSAND METHODS

Field experiment and treatments

Thefield experiment was conducted at the Estonian Crop Research Institute (ECRI)
in Jogeva (58°45'N, 26°24'E) during 2015-2016. The field trial was arranged as
randomized plots of 10.5 m? with six replications. The trial area was already under
organic farming cultivation. The soil of the experimental field is classified as Calcaric
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Cambic Phaeozem (Loamic) clay loam soil (WRB, 2015). The initial soil chemical
composition in spring 2015 was as follows: pHkc 7.4, P47.4 mg kg™, K 101.0 mg kg?,
Ca4884.1 mg kg™, Mg 86.8 mg kg, Mn53.3mg kg™, Cul.9mgkg?, B 0.6 mgkg?,
Niot 0.2% and SOC 1.9.

Two fertiliser ratesweretested: 50 t hat and 100 t har? of lake sediments (Table 1).
The control had no fertiliser. No fertiliser was used in 2016 in order to measure the
residua effects of the lake sediments fertiliser.

Table 1. Dry matter (DM), organic matter (OM), and amount of main nutrientsin lake sediment
applied in May 2015

Lakesediment, DM, OM, Niot  Prot PM Kot KM Ca Mg Mn Cu B FeM

t hat tha! tha! (kgha?)
50 136 35 62 377 03 348 35 1301 59 15 01 04 79
100 271 70 125 753 06 697 70 2602 118 30 0.2 0.8 15.7

MMehlich 3 method.

In the first year (2015), the lake sediment was applied and ploughed into the soil
before sowing the oat seeds. The sowing rate of oat var. Eugen was 600 seeds per m?. In
the second year (2016), when the residua effect of lake sediments was studied,
500 seeds per m? of spring barley var. Maali were sown. Both crops were sown at the
optimal sowing time for eastern Estonia (the first week of May) with a Pottinger sowing
machine. In both years at growth stages 13-14 on the Biologische Bundesan-stalt,
Bundessortenamt and CHemical Industry (BBCH) scale, harrowing was used to control
weeds (Meier, 2001). All plotswere harvested in August with aHege combine harvester.

Soil and lake sediment sampling and analyses

Soil samples (approximately 0.5 kg) for chemical and soil dehydrogenase activity
(DHA) analyses were taken from each treatment in six replications from the 0-20 cm
layer with a 16 mm auger. Soil samples were taken in the spring before lake sediment
applicationin 2015 and inthefall at harvest in 2015 and 2016. Additionally, soil samples
were taken one month after the lake sediment application to anayse soil DHA. The
chemical composition of lake sediment was analysed before application.

For soil chemical properties the following analyses were carried out: pHkc—1SO
10390; P, K, Ca, Mg, Mn— Mehlich 3 (Mehlich, 1984); Nt — 1SO 13878; B — Berger &
Truog method; SOC — 1SO 10694. Lake sediments were characterized for different
parameters: dry matter content (DM) —gravimetric method; organic matter content (OM)
— GOST 27980-88; Nt — Kjeldahl method; pHkci — GOST 27979-88; P, Kiat, Ca, Mg
— PMK-J3-4C; Mn, Cu, B- PMK-JJ-1A; available P, K and Fe — Mehlich 3. The sail
and lake sediment chemical analyses were determined in an accredited |aboratory at the
Estonian Agricultural Research Centre.

Soil samples for DHA analyses were sieved (2 mm) and stored at 4 °C until they
were analysed in ECRI’s laboratory. Measurement of soil DHA were based on methods
from Tabatabai (1982). Soil samples (5 g) were incubated at 30 °C for 24 h in the
presence of an alternative electron acceptor (triphenyltetrazoliumchloride). The
red-tinted product, triphenylformazan (TPF), was extracted with acetone and measured
in a spectrophotometer (BioPhotometer plus).

2024



Crop yield and quality

The grain from each plot was dried, cleaned and weighed separately. Grain yield
was caculated a 14% moisture content. Grain quality characteristics such as
thousand-kernel weight (TKW) (g), test weight (g L), and protein content (%) were
measured in ECRI’s laboratory. TKW were measured by the ISTA method, test weight
by an automatic grain analyser (Infratec 1241Analysis), protein content by the near-
infrared method (NIR) using an XDS Rapid Content Analyser (Foss, Cheshire, UK) and
aMonochromator (NIR).

Phenological growth stages were determined according to BBCH identification
keys for cereals. Number of ears per m? was determined at BBCH 77-79.

M eteorological data

Meteorologica data were obtained from a field meteorological weather station
(Metos Compact) located at Jogeva, close to the trial site. The meteorological data of the
month is divided into three parts (1, 1, 111). | — the first 10 days of a month, Il — the
middle 10 days of amonth and |11 — the last 10 days of a month.

Data from each year were different (Figs 1, 2). The average air temperature and
precipitation of the 2015 growing period was similar to the long-term average
(1922-2015) of the same period, though there were some drier stretches. The period
from May Il to June |1 (tillering, stem elongation), there was less precipitation which
caused drought conditions for the oat plants. The second drier period was prior to
harvesting (grain filling) through harvest, from July 111 to the end of August. Oats were
harvested August 27.
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Figure 1. Average air temperature during growing periods of 2015-2016 and long-term average
(1922-2015).

In 2016, the average air temperature during the growing period was somewhat
higher than in 2015 and there were extreme precipitation fluctuations. May was very dry
with only 4 mm of rain. During the same time, the average temperature was high and
drought conditions occurred. The large amount of precipitation (120 mm) at the end of
June saved the barley yield. Barley was harvested August 18.
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Figure 2. Sum of precipitation during growing periods of 2015-2016 and long-term average
(1922-2015).

Statistical analyses

One-way ANOVA was used to test the effect of lake sediment on soil chemical
properties, microbia activity, and grain yield and quality (n=6) of oats and spring
barley. In case of significant effects, differences between treatments were tested post-
hoc using the Tukey-Kramer (HSD) test. The statistical analyses were performed using
the JMP 5.0.1.2 software.

RESULTSAND DISCUSSION

Soil chemical compaosition

The lake sediment application rate of 100 t ha had significant direct and residual
effects on some of the soil agrochemical parameters, while minor or no effect was found
at the50t ha' rate (Table 2). In 2015, the use of lake sediment at 100 t hat significantly
(P < 0.001) increased the SOC content of the soil. Similar results were found by
Baksiene and Asakaviciute (2013); they reported higher humus content in soil fertilised
with arate of 40t DM ha? of |ake sediment. L ake sediment (sapropel) isrichin organic
matter and minerals are formed from different organic compounds, such as the remains
of aquatic plants and animals (Stankevicaet al., 2016). The proportion of organic matter
in the lake sediment applied was 7.0 t hat OM out of 100 t ha! lake sediment (Table 1).
The second year showed that the residua effect of both sediment treatments on SOC was
noticeable, but not significant.

The use of lake sediment at arate of 100 t ha significantly (P = 0.002) increased
the amount of available Ca in the soil since a considerable amount (2,602 kg hal) of
Cawas applied in the lake sediment (Table 1). The soil pH was neutral before (7.4) and
application of lake sediment did not change the soil acidity. Baksiene and Asakaviciute
(2013) also found no effect of various rates of lake sediment application (10, 20 and
40t DM ha?) on soil pH.
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The content of Mg, Cu, and Mn in the soil was significantly influenced by the use
of lake sediment (Table 2). Significantly (P < 0.001) higher Nt and B content wasfound
inthe 100 t ha treatment. In the case of Mn and B, the soil levels were quite low before
the application of lake sediment and remained low afterwards.

Table 2. The average agrochemical properties of the 0—20 cm soil layer in fall 2015 and 2016

SOC, N, P K Ca Mg Cu Mn B

Treatment Year pHka % % mg kg™

Control 2015 7.40° 1.65° 0.12° 445% 1148* 4,037.3" 75.3° 1.70° 49.5° 0.72°
50t hat 7.40%0 1.75° 013> 41.3> 97.8> 4527.8" 79.3° 1.88 60.3* 0.74°
100t hat 7408 198 0.16* 49.5* 118.3* 5,713.82 90.8%2 2.25* 63.82 0.89?
P value ns <0.001<0.001 0.008 0.004 0.002 <0.001 <0.001 0.004 <0.001
Control 2016 7.30° 1.65* 0.13* 525 1255 44655 100.0* 2.05° 60.0? 0.65°
50t hat 7.40° 1807 0.13* 465* 113.0° 5,306.5® 95.5* 2.05° 73.5% 0.66®
100t hat 7358 1.85% 0.14* 51.5% 1255* ,6539.0° 95.0* 2.35% 73.0° 0.74?
P value ns ns ns ns 0.035 0.019 ns 0.037 ns 0.043

Different letters indicate significant differences between treatment means (n = 6) (Tukey-Kramer HSD test,
P <0.05).

The sediment application had no effect on P and K content in soil. It could be
because the total P and K content of the lake sediment at arate 100 t ha® was 75.3 and
69.7 kg ha of which only 0.6 and 7.0 kg ha't, respectively, was in plant available form,
according to the Mehlich 3 test (Table 1). In iron-rich sediments, if the ratio of Feto P
is greater than 15, P will be unavailable to plants because oxidized iron (FePOs*) is
capable of binding all the dissolved P, under aerobic conditions (Jensen et al., 1992,
Heinsalu et al., 2003). The soluble Fe to P ratio of the sediments used in the field tria
was over 20.

Based on the second year soil data, a significant residual effect of lake sediments
occurred only in case of Ca, Cu and B content at the 100 t ha® application rate with no
significant residual effects at the 50 t ha* application rate.

Soil dehydrogenase activity

One month after lake sediment application, in June 2015, the soil DHA was
significantly (P < 0.001) higher in the 100 t ha treatment compared to the control and
50t ha treatment (Fig. 3). Infall 2015, the soil DHA remained significantly (P = 0.003)
higher in the 100 t ha treatment compared to the 50 t ha! treatment and the control.
Compared to the control, the significantly (P = 0.0204) positive impact on soil DHA
continued to be noticeable the following spring (2016). However, by fall 2016 the soil
DHA of al treatments had returned to the pre-treatment level. The lake sediment
application had no statistically significant effect on soil DHA in the 50 t ha! treatment
throughout the experimental period.

The significant effect of the highest rate of lake sediment application on the soil
DHA was probably caused by the higher SOC and nutrient content in this treatment
(Table 2). It has been found that freshwater sapropel contains high levels of aerobic
heterotrophic bacteriaand yeasts (Grantina-levinaet a ., 2014). In addition, in 2015 there
were extraordinarily dry periods in the two months prior to lake sediment application
which consequently reduced soil moisture content (Fig. 2). At the same time, a large
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portion of the 100 t ha'* of Iake sediment applied was water (about 72.9 t ha’, equivalent
to 7.29 mm of precipitation). A negative effect of drought on the size and activity of the
soil microbial biomass was found by Hueso et a. (2012), while Siebert et a. (2019)
found that soil microbial activity and biomassin grasslands were not affected by drought.
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Figure 3. Soil dehydrogenase activity (DHA, TPF ug g h?) in the 0-20 cm layer in 2015 and
2016. Different letters indicate significant differences between treatment means (n = 6)
(Tukey-Kramer HSD test, month after application, P <0.001; fal 2015, P =0.003;
spring 2016, P = 0.0204; fall 2016, P > 0.05).

Although the effect of lake sediment specifically on soil microbiological activity
has been little studied, more generally there are many studies which have shown astrong
positive relationship between soil microorganisms and organic fertilisers. Organic
amendments such as manure provide adirect source of C for soil organisms (Biinemann
et a., 2006; Fliessbach et a., 2007). Knapp et al. (2010) found that the compost
amendments impact the soil microbiota and leave a distinct imprint on the soil.

Grain yield and quality
The first-year data showed Table 3. Direct effect of lake sediment fertiliser on
that there was significant grainyield and quality characteristics of oatsin 2015

(P=0.005) direct effects on oat Plant Test Protein
yield from fertilisation with lake Treatment Yield,  height weight, TKW, content,
sediment. Compared to the control kghat cm gL* g %

yield (4,353 kg ha), both Control 4,353° 91° 533F 394P 902

. . - ab ab ab b
treatments increased oat yield; the 50tha' 4,770 93 537 38.9° 10.0°

o ! . 100thal 5327° 97° 538 417% 92
faglfjlt':f?gaISg[[ell’lgjlwtarsea?rian;g gf]‘ 4 Pvaue 0005 0007 0013 0001 0008

_ _ Different letters indicate significant differences between
974 kg ha' for the 1_00 that treatment means (n=6) (Tukey-Kramer HSD test,
treatment (Table 3). The first year P < 0.05).

data showed that even the lowest

rate of lake sediment application significantly increased the yield compared to the
control. Similar results were found by Baksiene (2004), Baksiene & Asakaviciute
(2013), and Kiani et al. (2018); however, the magnitude of extra yield depends on the
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crop species and its nutritional requirements. Plants require nutrients for their growth
and development. In an organic farming system, the available amount of nutrients is
usually limited. An adequate supply of nutrients for oats resultsin taller plants and more
aboveground biomass (Daugvilieneet al., 2014; Baksiene et d., 2015; Kiani et al., 2018).
Oat plant height was significantly (P = 0.007) higher in the 100 t ha® treatment (97 cm)
thaninthe 50 t ha treatment (93 cm) and in control (91 cm). Despitethis, no significant
increase was found in the number of productive tillers when using lake sediment as
fertiliser (data not shown). As known, the number of productive tillers, TKW and the
number of kernels per ear or panicle determine cereal yield.

In the second year, when the residual effects of lake sediment were studied, barley
yield was significantly (P = 0.023) higher in the plots where the highest rate of lake
sediment (100 t ha) was applied. The additiona yield was 359 kg ha (Table 4).

The barley plants grew
significantly (P = 0.023) higher in Table4. Residual effect of lake sediment fertiliser
the 100thal plots as wel on grain yield and quality characteristics of spring
(Table 4). However, the yield in  Paleyin2016

the 50t ha! plots was the same _ Plant Test Protein
as in the control plots. As Treatment Yield, height, weight, TKW, content,
demonstrated, taller barley plants kghaem gL g %

. o . Control 2,908° 56° 6412 46.7* 9.6%
and significant additional yields 50thal 2873° 57 G640° 4577 9.4°

were obtained, probably due t0 o5 iha1 goaee 60°  645° 4620 9.4°
higher organic matter content and  pyaiue 0,011 0.023 ns ns_ ns

O_ther nutrientsin the soi I_ wherethe Different letters indicate significant differences between
highest rate of lake sediment was treatment means (n=6) (Tukey-Kramer HSD test
applied the previous year. P <0.05).

Obvioudly, the additiona yield of
both crops (2015 and 2016) where the highest rate of lake sediment was applied was
supported by higher soil microbia activity. This is because soil microbiota plays an
important rolein productivity of agricultural cropsasit isresponsiblefor the biochemical
degradation of organic matter and other chemicalsin soil (Munnoli et al., 2010).

Oat test weight increased significantly (P =0.013) in both the 50t ha' and
100 t hat treatments. TKW only increased (P = 0.001) inthe 100 t hal treatment. K ernel
weight is one of the most important components affecting yield. This research revealed
that organic sediment does not always have postive effects on gran quality
characteristics. There was no effect on oat protein content inthe 100 t ha'® treatment, but
in the 50 t ha! treatment the protein content significantly (P = 0.008) decreased so the
effect of fertilisation was negative compared to the control. Organic farming often has a
lack of nutrients. Thisisacrucial aspect to achieve sufficient protein content of cereals
(Bilsborrow et d., 2013; Tamm et a., 2016).

There were no residua effects of lake sediment on barley grain quality
characteristics in the second year (2016).

CONCLUSIONS

The rate of lake sediment applied had significant effects on soil chemical
composition, soil dehydrogenase activity, as well as on grain yield and quality, with
responses being strongest in the 100 t ha treatment. The 100 t ha! treatment increased
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the amount of mobile Ca and B content in soil the first year. A residual effect was seen
in the soil Ca, Cu and B content. Both application rates (50 and 100 t ha?) increased the
Niwt, Mg, Cu, and Mn content in the soil the first year but had no effect on soil pH or P
and K content. The higher application rate increased the SOC content, which could be a
reason why soil DHA was higher in 100t ha! treatment. Positive effects on soil DHA
could be aso due to the addition of alarge amount of water along with the sediment.

The application of l1ake sediment increased grain yield, test weight, and thousand-
kernel weight of oats in the first year. However, there were only small residual effects
the following year. Barley yield was only positively impacted in the 100 t ha* treatment.

To use lake sediment as an organic fertiliser the ratio of Fe to P in the sediment
should be considered in order to avoid a plant available P deficit in the soil. In order to
recommend using lake sediment as an organic fertiliser to farmers, further research is
needed to evaluate and avoid the risks of contaminating soils with heavy metals.
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