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Abstract The effect of the time of catch crop (field pea)
incorporation [catch crop incorporated in the autumn
(A) or in the spring (B) versus plots without a catch
crop (C)] on the soil enzymes related to N transforma-
tion (urease – UR, protease – PRO, nitrate reductase –
NR, arginine ammonification rate – AAR), the total N
and mineral N as well as microbial biomass N (MBN)
contents were investigated in a 3-year experiment. The
catch crop was sown at the beginning of August and
plowed in the autumn in 2008, 2009 and 2010 or left as
mulch during the winter. Soil samples for microbial
activity were taken from spring barley plots that were
grown in 2009, 2010 and 2011 before sowing (March),
during the tillering phase (May), shooting (June) and
after the harvesting of spring barley (August). The use
of catch crop significantly increased the soil mineral and
MBN contents as well as the activities of PRO and NR
as compared to the control soil. The spring incorporation
of the field pea significantly increased the MBN content
in contrast to the autumn application, while the activity
of N-cycle enzymes were clearly unaffected (UR and

AAR) regardless of the time of the incorporation of field
pea or else the results were inconsistent (PRO and NR).
When the catch crop was incorporated in the spring, a
significantly higher content of mineral N as compared to
autumn incorporation was noted on only two of the four
sampling dates. The enzymatic activity (PRO and AAR)
was about 1.3-2.8 times higher in May and June as
compared with March and August. Both spring or au-
tumn incorporation of catch crop can be a useful man-
agement practice to increase the soil mineral N content
and enhance the soil biological activity.

Keywords Catch crops . Autumn incorporation . Spring
application . N-cycle enzymatic activity . Mineral N .

Chemical properties

Introduction

Nitrogen fertilization has played a major role in the
global food production over the past sixty years, and
about fifty percent of total N comes from fertilizer
supply (Zhaohui et al. 2012). The effectiveness of nitro-
gen utilization from fertilizers is, however, very low and
does not exceed 10–50 percent for crops grown in fields
(Ribaudo et al. 2011). The reasons for this low efficien-
cy are the loss of N through leaching, runoff, ammonia
volatilization or denitrification, which results in the
pollution of the groundwater and atmosphere (Zhaohui
et al. 2012; Zarabi and Jalali 2012). The main cause of
the loss of N in drainage is through the leaching of
nitrate. Most nitrate leaching occurs during the
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autumn/winter drainage period, though nitrate can be
lost at any time if there is sufficient rain to completely
wet the soil (Shepherd et al. 2003). The loss of N occurs
when a crop is supplied with more N than it needs or as a
consequence of a lack of synchrony between the N
supply and crop N requirement, e.g., if plowed grass
residues are mineralized after the crop has matured
(Briggs et al. 2005). One of the strategies that is used
to prevent N losses in intensive agricultural systems is
the cultivation of catch crops and using them as green
manure (Tripolskaya et al. 2004). Although catch crops
are grown for many reasons, most of the interest is
focused on their effect on nitrogen. The incorporation
of a biomass of catch crops increases the immobilization
of soil nitrogen (N), prevents leaching losses of N into
the environment and improves the N supply for
succeeding crops (Thorup-Kristensen et al. 2003;
Thomsen 2005). Leguminous catch crops, which pro-
vide a substantial amount of biologically fixed N to the
primary crop are especially valuable. Additionally, the
decomposition of their organic matter is easy due to
their low carbon to nitrogen (C:N) ratio (Fageria et al.
2005).

One of the possible options to improve the N effect of
catch crops is the choice of the incorporation time. The
N that is retained in catch crops can be made available
for the succeeding spring cereals by timing the soil
incorporation of the catch crop relative to the sowing
of a cereal in order to allow decomposition of the catch
crop residues (Doltra and Olesen 2013). Catch crops,
incorporated either in the autumn or the spring, have
previously been compared in order to find the optimal
incorporation time (Hansen et al. 1997; Thomsen 2005).
In some other experiments two or three incorporation
dates in the spring (Garwood et al. 1999) or in the
autumn (Torstensson 1998; Wallgren and Lindén
1994) have been considered.

The catch crop is effective in reducing nitrate
leaching most often when incorporated in the spring
(Hansen et al. 1997). As stated by Thorup-Kristensen
and Dresbøll (2010), spring incorporation, compared to
the autumn one, will allow more time for the catch crop
to uptake N and will reduce the risk that the N that is
mineralized from the catch crop will be lost through
leaching before it can be taken up by the succeeding
crop. According to these authors, the greatest minerali-
zation effect of a catch crop was noted after the early
spring incorporation. However, if catch crops are
allowed to grow in the winter, the yield of the following

crop may be reduced, e.g. due to the phytotoxicity of
some catch crops (Garwood et al. 1999). Furthermore,
the reduction in yield may be the result of the depletion
of available N in the soil by catch crops compared with
no catch crop, especially when the spring time of incor-
poration is delayed (Thorup-Kristensen et al. 2003). The
incorporation of catch crops in the autumn followed by a
mild winter may also reduce their effect of N uptake and
increase the leaching of the N that is mineralized from
the catch crop (Thorup-Kristensen and Dresbøll 2010).

Some studies have been devoted to the important role
of catch crops in increasing the productivity of subse-
quent crops by improving the soil’s physical (Chirinda
et al. 2010), chemical (Arlauskiené and Maikšténiené
2010) and biological properties (Navas et al. 2011;
Piotrowska and Wilczewski 2012). The incorporation
of catch crops into the soil stimulates the growth and
activity of the microbial communities (Stark et al. 2007)
that are the main source of enzymes in soil. Soil en-
zymes are known to be involved in nutrient cycling, and
as such, their activities can be used as potential indica-
tors of the nutrient cycling processes (Janušauskaité
et al. 2013). The enzyme ureaze catalyses the hydrolysis
of urea to CO2 and NH3 with the concomitant rise in soil
pH. This in turn, results in a rapid N loss to the atmo-
sphere through NH3 volatilization. With respect to this,
urease activity plays an important role in the regulation
of N supply to plant after urea fertilization (Fazekašová
2012). Nitrate reductase activity (NR) is an important
enzyme in the process of denitrification, which catalyzes
the reduction of NO2

− to N2O under anaerobic condi-
tions. Nitrate reductase is an adaptive enzyme and is
synthesized only in the presence of NO3

− ions and that
why its activity is commonly used as an indicator of the
ability of plants to utilize NO3

− from the soil (Barford
and Lajtha 1992). The availability of organic N for
plants depends on the rate of its mineralization. Protein
that is added to soil is readily decomposed by proteases
and peptidases into smaller, membrane-permeable pep-
tides and amino acids. The latter are further metabolized
with the release of NH4

+ (Ladd and Jackson 1982).
Proteolysis is an important process in many ecosystems
with regard to N-cycling because it is considered to be a
rate-limiting step during N mineralization in soils due to
the much slower primary phase of protease activities
during N mineralization compared with amino acids
mineralization (Jan et al. 2009). Alef and Kleiner
(1986) have suggested a method of determination of
potential microbial activity by using arginine
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ammonification rate. The arginine is mineralized to
ammonium and the content of ammonium is extracted
from soil and measured. The arginine ammonification
rate was proportional to the amount of soil microbial
biomass and was proposed to be used as a method to
estimate soil microbial biomass activity (Alef and
Kleiner 1986).

The soil microbial biomass, the living part of the soil
organic matter, functions as a transient nutrient sink and
is responsible for the decomposition and transformation
of organic materials, which are mostly derived from
aboveground and below-ground plant residues
(Ananyeva et al. 1999).

With that in mind we assumed that (1) the soil nitro-
gen, especially N mineral forms, and the activities of N-
cycle enzymes would be increased by field pea (FP)
(Pisum sativum L.) cultivated as catch crop as compared
to the control, (2) the time of the incorporation of the
catch crop would differentiate the mineral N content and
the activity of N-cycle enzymes and (3) significant
relationships between the enzymes being studied and
chemical properties could be expected. In order to test
our hypotheses, we assessed the content of total nitrogen
(NTOT), the microbial biomass N (MBN), the mineral
forms of N (N-NO3

−, N-NH4
+) and the activities of four

N-related soil enzymes that are affected by the field pea
incorporation time versus the control soil.

Material and methods

Site description and experimental design

The effect of the incorporation time of the catch crop on
the soil N forms and the activities of N-related enzymes
were studied for three years (2009–2011) in a field, one-
factor experiment carried out in a randomized block
design with four replications at the Experimental
Station in Mochełek (17o 51’ E; 53° 13’ N) near
Bydgoszcz (Midwestern Poland). The time of catch crop
incorporation was the experimental factor. The catch
crop green mass was incorporated in the autumn (A)
and in the spring (B), while the control soil was tilled
without the catch crop (C). Every year the experiment
was performed in a different parts of the experimental
field. They were situated close to each other to minimize
soil spatial variability. Soil samples were collected
twice per year in 2009, 2010 and 2011 in order to
determine its chemical properties. Samples were taken

in the spring, always before the sowing of spring barley
(between 23rd and 30th of March) and in August, imme-
diately after the harvest (between 10th and 15th of
August). Moreover, four sampling dates were
established in order to assess the seasonal variation in
the soil mineral N content and the activities of N-related
enzymes under spring barley: before sowing (March),
during the tillering phase (May), during the shooting
phase (June) and after the harvesting of spring barley
(August). Soil samples were taken from a depth of 0–
30 cm. Ten samples were collected randomly from each
plot and bulked in order to provide one representative
sample per plot.

Winter wheat (Triticum aestivum L.) was the crop
before the field pea cultivated as a catch crop. The field
pea was sown between 5th and 9th of August after the
harvesting of winter wheat. Catch crops were harvested
between 15th October and 3rd November (in 2008–
2010) using a self-propelled mower. Then, the above-
ground biomass was weighed and scattered on the soil
surface on each plot. The yield of post-harvest residues
was measured based on samples that were taken from
soil monoliths 25x25x25 cm. Four monoliths were tak-
en from each plot. The soil taken from the monoliths
was sieved and rinsed in water. The remains of weeds
and straw that had not decomposed were removed man-
ually. Then the post-harvest residues were weighed,
dried at 50 °C and reweighed. The soil in plots A and
C was then plowed (at a depth of 27 cm). The field pea
in plot B was left to grow in the winter. Frosts that
occurred in December and January resulted in the
aboveground biomass freezing. When this happened,
the biomass was left on the surface of the soil through
the winter. It was cut up and mixed with soil (at a
depth of 10–12 cm) using a disc harrow the following
spring. Spring barley (Hordeum vulgare L.) was sown
between 2nd and 8th of April of the following years
(2009–2011).

Phosphorus (P) as Ca(H2PO4)2 and potassium (K) as
KCl were applied in the spring at doses of 26.2 kg ha−1

and 66.4 kg ha−1, respectively. Nitrogen fertilization as
NH4NO3 (90 kg ha−1 N) was applied in two doses:
45 kg ha−1 was applied before the sowing of spring
barley (together with K and P fertilization) and
45 kg ha−1 was applied during the shooting of spring
barley. The samemanagement procedures were repeated
each year during the entire study period (2009–2011).

According to the USDA Soil Taxonomy (Soil Survey
Staff 2010), the soil that was studied was a typical
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Alfisol formed of a sandy loam (clay 6%, sand 79%, silt
15 %). The selected chemical properties of the soil that
were determined before the experiment are presented in
Table 1.

The field experiment was carried out in a region with
a temperate, changeable climate where the marine air
from the North Atlantic and continental air from the east
converge, thus causing frequent day-to-day and year-to-
year variability in the weather patterns. Detailed data
about the weather conditions during the sampling pe-
riods were obtained from a local weather station that is
located at the Experimental Station at Mochełek and are
presented in Table 2. The average annual temperature
and rainfall during the period of the investigation
(2009–2011) were about 12.3 °C and 432 mm.

Laboratory analysis

The chemical properties of the soil were assessed in
triplicate according to standard methods. Total nitrogen
(NTOT) in the soil was determined using the Kjeldahl
method (Bremner and Mulvaney 1982). Soil organic
carbon (CORG) content was determined using the dichro-
mate oxidation procedure, while soil pH (1 M KCl) was
measured using the potentiometric method in 1:2.5
soil:solution suspensions. Soil moisture was analyzed
using drying-weighing method. The content of N-NO3

−

and N-NH4
+ were extracted from field-moist soil with

KCl and K2SO4, respectively. The nitrate nitrogen con-
tent was determined using the phenoldisulphonic acid
method and the ammonium nitrogen concentration was
assayed using the indophenol bluemethod (Bashour and
Sayegh 2007). The Kjeldahl method was used to deter-
mine the total N of the aboveground biomass and post-
harvest residue of catch crops after the mineralization of
the shredded plant material by digestion in concentrated
H2SO4 and H2O2.

All assays of enzyme activities were performed on
fresh, moist, sieved (<2 mm) soils. Triplicates were
performed for each activity assay. All enzyme activity
values were calculated based on the oven-dry (105 °C)
weight of soil.

Casein-protease (PRO) activity was assayed using
the Ladd and Butler method (1972). Briefly, 2.5 ml of
Tris-buffer (0.2 M, pH 8.0) and a 2 % Na-caseinate
solution were added to 1 g of moist soil. The samples
were incubated at 40 °C for 2 h. After the incubation, the
remaining casein was precipitated with 5 ml of cold
10 % trichloroacetic acid. The suspension was then
filtrated and 0.75 ml Na2CO3 (1.4 M) and 0.25 ml
three-fold diluted Folin-Ciocalteu reagent were added
to 0.5 ml of the filtrate and mixed. The tyrosine concen-
tration was measured photometrically at 680 nm and
was expressed as mg TYR kg−1 h−1.

The arginine ammonification rate (AAR) was mea-
sured using the Kandeler method (1995). After the
addition of an aqueous L-arginine solution (11.5 M),
soil samples were incubated for 3 h at 37 °C. After the
incubation, the ammonium released by AAR was ex-
tracted with 2 M KCl by shaking for 30 minutes and the
soil suspension was filtrated. For photometric analysis at
630 nm, the filtrate was mixed with a sodium phenolate
solution (0.12 M), a sodium nitropruside solution and
sodiumhypochlorite and allowed to stand for 30minutes
at room temperature for color development. One unit of
arginine ammonification rate was defined as the number
of mg of product released by 1 kg of dried soil at 37 °C
per 1 hour (mg N-NH4

+ kg−1 h−1).
Soil urease activity was assayed as described by

Kandeler and Gerber (1988). Briefly, 1 g of moist soil
was incubated with 4 ml of a borate buffer (pH 10.0) and
0.5 ml of a urea solution in reaction flasks for 2 h at
37 °C. After the incubation, 6 ml of 1 M KCl was added
to all of the flasks for 30 minutes. To assess the ammo-
nium content, the filtrate was mixed with water, Na
salicylate/NaOH and sodium dichloroisocyanide and
allowed to stand at room temperature for 30 minutes
prior to measuring the optical density at 690 nm. The
activity of UR was expressed as the AAR.

Nitrate reductase activity (NR) was determined ac-
cording to Kandeler (1995). Field moist soil samples
were incubated for 24 hours at 25 °C with a 0.9 mM2,4-
DNP (dinitrophenol) solution, a substrate (25 mM
KNO3) and distilled water. After incubation 10 ml of a
4 M KCl solution was added to both the samples and
controls; the contents of test tubes were mixed briefly

Table 1 Basic soil characteristics before the sowing of catch crop
(0–30 cm)

Properties Years

2008 2009 2010

CORG (g kg−1) 7.6 6.8 11.9

NTOT (g kg−1) 0.63 0.60 1.11

pHKCl 5.65 5.70 6.86

Soil moisture (%) 6.58 7.06 7.14
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and filtered immediately. For spectrophotometric analy-
sis, 5 ml of filtrates, 3 ml of an ammonium chloride
buffer (0.19 M, pH 8.5) and 2 ml of a color reagent were
added to the test tubes and mixed. The extinction was
measured at 520 nm against the reagent blank. Values of
NR activity were expressed as mg N-NO2

− kg−1 24 h−1.
The microbial biomass N was determined using the

chloroform fumigation-extraction method (Brookes
et al. 1985). Moist soil samples (25 g) were fumigated
with ethanol-free CHCl3 at 25 °C for 24 h. The fumi-
gated and unfumigated soils were extracted with 0.5 M
of K2SO4 at a ratio 5:1. Then the soil suspension was
centrifuged at 200 rev min−1 for 30 minutes and
filtrated. Determination of the total N from both the
fumigated and unfumigated soils was done according
to Bremner and Mulvaney (1982). To account for an
incomplete recovery of microbial N, the microbial bio-
mass was calculated by dividing the difference between
the fumigated and unfumigated samples by a correction
factor of 0.54 (=kEN) (Joergensen and Mueller 1996).

Statistical analysis

A two-way analysis of variance (ANOVA) was per-
formed to examine the effect of catch crop management
(spring incorporation, autumn incorporation, control)
and the dates of sampling (seasonal variation) on the
properties studied. In the case of significant F-tests,
differences between the group means were assessed
using the Tukey test (P< 0.05). Simple and multiple
regressions were done to show the relationship among

the properties studied. All of the statistical analyses were
conducted using Statistica 8.1 for Windows software.

Results

Catch crop biomass and nitrogen content

Fresh biomass of field pea grown as a catch crop was
presented on Fig. 1. The highest content of both above-
ground biomass and post-harvest residues of field pea
was noted in 2008 followed by 2009 and 2010. A higher
concentration (% of dry weight) of total N in the above-
ground biomass of catch crop was noted in 2010
(3.50 %) than in 2008 and 2009 (average of 2.94 %),

Table 2 Mean air temperature and sum of precipitation at the experiment site

Months 2008 2009 2010 2011 2008 2009 2010 2011
Precipitation (mm) Temperature (°C)

January 48.2 14.2 22.0 33.0 0.5 −3.3 −7.8 −0.6
February 15.9 19.4 20.1 14.5 2.8 −0.9 −2.7 −4.7
March 61.2 43.7 28.6 11.7 3.0 2.4 2.4 2.2

April 38.7 0.4 33.8 13.5 7.6 9.8 7.8 10.5

May 11.5 85.3 92.6 38.4 13.2 12.3 11.5 13.5

June 15.5 57.4 18.1 100.8 17.6 14.5 16.7 17.7

July 58.7 118.0 107.4 132.5 19.2 18.6 21.6 17.5

August 95.5 17.6 150.7 67.7 17.8 18.2 18.4 17.7

September 20.2 34.4 74.7 37.0 12.4 13.7 12.2 14.3

October 19.4 40.4 2.3 13.2 8.4 6.3 5.5 8.4

November 80.0 66.2 115.0 9.0 4.3 5.2 4.1 2.7

December 24.8 35.4 39.9 46.2 0.2 −1.1 −6.7 2.7
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Fig. 1 Fresh biomass of field pea (Mg ha−1) during the experi-
ment (2008–2010)
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while in the harvested residues, a lower total N content
was noted in 2008 (1.84%) compared to 2009 and 2010,
where an average content of 2.54 % was assayed
(Table 3). The total content of nitrogen taken up by the
catch crop ranged from 66.4 kg ha−1 in 2009 to
112.6 kg ha−1 in 2008 (Table 3). The 74–82 % of the
nitrogen that was taken up was accumulated in the green
mass of the field pea and only 18–26 % of this element
was accumulated in the post-harvest residues of this
plant. This was due to both the differences in the mass
of the individual parts of the plant (Fig. 1), as well as due
to the higher concentrations of this element in the green
mass in contrast to the post-harvest residue The highest
values of soil properties (CORG, NTOT, pH) in the soil
before the catch crop was sown in 2010 (Table 1)
corresponded with the highest percentage of N in the
aboveground biomass of the catch crop in that year and
was higher than in the 2009 N uptake (Table 3).

Mineral N and other chemical properties of soil

Both the ammonium-N (N-NH4
+) and nitrate-N (N-

NO3
−) content was significantly affected by the catch

crop management and sampling season in individual
years of the study (Tables 4, 5 and 6), but there were
no consistent trends in both mineral N forms that were
dependent on factors examined. Therefore, the results of
N-NH4

+ and N-NO3
− are additionally shown as the

average for the entire experimental period (2009–
2011), in order to make the data clearer and to easily
find out whether any general tendency in their changes
occurred during the experimental period.

The N-NH4
+ content was within a broad range of

1.50-10.6 mg kg−1 with a mean of 4.61 mg kg−1

(Table 5). Generally, the highest N-NH4
+ concentration

(average for 2009–2011) was assessed during the tillering
and shooting of spring barley (May and June), while a
lower content was noted before its sowing (March) and

after harvesting (August). In 2009 and 2011 there was no
significant seasonal changes in the N-NH4

+ content in the
control soil. The concentration of N-NH4

+ in soil in
March and June was significantly higher than in the
control in both catch crop treatments. During the tillering
of spring barley (May) and after its harvesting, the con-
tent of ammonium-N in soil was higher in the soil that
had been treated with mulch than in the control and in the
treatment where catch crop was plowed in the autumn.

Nitrate-N ranged broadly from 1.66 to 36.3 mg kg−1

with a mean of 8.09 mg kg−1. In contrast to ammonium-
N, the nitrate-N was highest in the last year of the
experiment followed by 2010 and 2009 (Table 6).
When the entire period of the experiment was consid-
ered together (2009–2011), the highest content of N-
NO3

− (14.3 mg kg−1) was shown during the tillering of
spring barley (May), while the lowest was observed
during the shooting (June) and after the harvesting of
spring barley (August) (average 5.11 mg kg−1). In May
and March (2009–2011) the N-NO3

−content was signif-
icantly higher when the catch crop was incorporated in
the spring in contrast to the autumn incorporation and
the control soil. In June (2009–2011) the influence of
the time of the catch crop incorporation on the soil
nitrate-N concentration was not significant, while in
August the influence was inconsistent.

The time of the incorporation of the catch crop and
the seasonal sampling did not significantly influence the
NTOT and pHKCl, while the CORG content was affected
only in 2009 when it was higher in August in contrast to
March (Table 4, Table 7). Both CORG and NTOTwere the
highest in 2011 followed by 2010 and 2009. The soil
reaction was acid in 2009 and 2010 and neutral in 2011.

Microbial biomass N content and soil enzymatic activity

The MBN content differed significantly as a function of
catch crop management while the influence of sampling

Table 3 The content and the uptake of N by the catch crop

Kind of biomass The content (%) The uptake (kg ha−1)

2008 2009 2010 2008 2009 2010

Above-ground biomass 2.98 2.89 3.50 92.4 49.1 70.0

Post-harvested residues 1.84 2.47 2.60 20.2 17.3 20.8

Mean 2.41 2.68 3.05

Total 112.6 66.4 90.8
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Table 4 P values deriving from
two-way ANOVA applied to
studied chemical and biological
variables, using catch crop man-
agement and sampling season as
factors (2009–2011). NS: not
significant

Variables P catch crop management (M) P season (S) P M x S interaction

CORG (g kg−1) NS 0.034 NS

NTOT (g kg−1) NS NS NS

pHKCl NS NS NS

MBN (mg kg−1) 0.007 NS NS

N-NH4
+ (mg kg−1) 0.012 0.002 NS

N-NO3
− (mg kg−1) 0.001 0.006 0.026

UR (mg N-NH4
+ kg−1 h−1) 0.034 NS NS

AAR (mg N-NH4
+ kg−1 h−1) 0.031 0.019 NS

PRO (mg TYR kg−1 h−1) 0.011 0.005 NS

NR (mg N-NO2
− kg−1 24 h−1) 0.019 0.028 NS

Table 5 Ammonium-N content in soil (mg kg−1) as dependent on
the time of catch crop incorporation and sampling season

Catch crop §March May June August

2009

A& 4.93ab^B# 3.87bB 9.05aA

B 5.44aB 5.94aB 8.05aA

C 3.87bA 2.67bA 4.37bA

Mean 4.75B 4.16B 7.16A

2010

A 3.06aB 7.57bA 7.39aA 4.20aB

B 3.77aB 10.6aA 8.41aA 5.20aB

C 3.56aB 8.10bA 5.29bB 3.93aB

Mean 3.46B 8.76A 7.03A 4.44B

2011

A 4.33aA 2.61aB 3.26aAB 2.48bB

B 3.51aAB 3.72aA 2.32abB 4.15aA

C 2.45bA 2.29bA 1.50bA 2.70bA

Mean 3.43A 2.87AB 2.36B 3.11A

2009–2011

A 4.11aB 4.68bAB 6.57aA 3.34§§bB

B 4.24aB 6.75aA 6.26aA 4.68aB

C 3.29bB 4.35bA 3.72bAB 3.32bB

Mean 3.88B 5.26A 5.52A 3.78B

& A – catch crop incorporated in autumn, B – catch crop incor-
porated in spring, C – control (without a catch crop); § sampling
dates; §§ mean of 2010 and 2011.

Values followed by the same small letter within each column are
not significantly different at P< 0.05. Values followed by the same
capital letter within a line are not significantly different at P< 0.05.

^ Different small letters indicate comparison between catch crops
treatments (within the same sampling date).
# Different capital letters indicate a comparison among sampling
dates within the same catch crop treatments.

Table 6 Nitrate-N content (mg kg−1) as dependent on the time of
catch crop incorporation and sampling season

Catch crop §March May June August

2009

A& 2.71b^B# 4.83aA 4.45aAB

B 6.28aA 1.82bB 3.33abB

C 1.92bA 1.66bA 2.54bA

Mean 3.64A 2.77B 3.44A

2010

A 5.21bB 13.0bA 5.03bB 3.99aB

B 7.68aB 16.4aA 7.63aB 3.77aC

C 3.67bB 13.6bA 3.56bB 3.72aB

Mean 5.52B 14.3A 5.41B 3.83B

2011

A 15.2aB 24.0bA 5.71aC 6.39aC

B 18.7aB 36.3aA 6.07aC 8.65aC

C 9.16bB 17.4cA 4.73aB 6.05aB

Mean 14.4B 25.9A 5.50C 7.03C

2009–2011

A 7.71bB 13.9bA 5.06aB 5.19§§abB

B 10.9aB 18.2aA 5.68aC 6.21aC

C 4.92cB 10.9cA 3,61bB 4.89bB

Mean 7.84B 14.3A 4.78C 5.43C

&A – catch crop incorporated in autumn, B – catch crop incorpo-
rated in spring, C – control (without a catch crop); § sampling
dates; §§ mean of 2010 and 2011.

Values followed by the same small letter within each column are
not significantly different at P< 0.05. Values followed by the same
capital letter within a line are not significantly different at P< 0.05.

^ Different small letters indicate comparison between catch crops
treatments (within the same sampling date).
# Different capital letters indicate a comparison among sampling
dates within the same catch crop treatments.
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dates and the interaction of both factors (M x S) was not
significant (Table 4). Microbial biomass N (MBN)
ranged between 19.3 and 30.1 mg kg−1 in the study
(Fig. 2a). The highest MBN content was observed when
the catch crop was incorporated in the spring
(29.2 mg kg−1) followed by the indirect incorporation
in the autumn (25.6 mg kg−1) and the control
(19.7 mg kg−1). On average, approximately 3.6 % of
total N was bound in the microbial biomass (Fig. 3). The
biotic-fixed N differed significantly relative to catch
crop management, while sampling dates (March and
August) did not markedly influence the MBN content.
A higher MBN/NTOT ratio was noted when the catch
crop was applied compared to the control soil.

The highest UR activity was found in 2010
(22.0 mg N-NH4

+ kg−1 h−1), while in 2009 and 2011
the enzyme activity was lower (average 8 mg N-NH4

+

kg−1 h−1) (Fig. 2b). In the two first years of the exper-
iment, UR activity was significantly lower when the
catch crop was applied as compared to the control, while
there were no significant differences between the incor-
poration times of the catch crop (Fig. 2b). When the
period investigated was considered together (2009–
2011), the UR activity was the highest in May, lower
in June, and the lowest in March and August (Table 8).
Before the sowing of spring barley (March), the catch
crop management did not influence the UR activity
considerably, while on the succeeding sampling dates,
the UR activity was significantly lower in the catch crop
treatments than in the control (C).

Similar to UR activity, the rate of the arginine am-
monification rate (AAR) was the highest in 2010
(Fig. 4). The AAR was not significantly influenced by
the catch crop management in individual years of the
study. When the period investigated was examined to-
gether, the catch crop management influenced the AAR
only in May and June as compared to the control, while
there was no marked influence on this property in rela-
tion to the time of the catch crop incorporation (Table 9).

The highest AAR was assessed during the tillering and
shooting of spring barley (May, June), while lower
activity was noted before its sowing and after harvesting
(Table 9, Fig. 4).

The casein hydrolyzing protease (PRO) activity
ranged from 29.8 to 81.6 mg TYR kg−1 h−1 with a mean
value of 51.9 mg TYR kg−1 h−1 (Table 10). Generally,
the PRO activity was always higher in the catch crop
treatments as opposed to the control (Table 10, Fig. 2c).
The influence of the time of the catch crop incorporation
on the PRO activity was inconsistent on most of sam-
pling dates. The catch crop incorporated in the spring
significantly increased the activity of PRO as compared
with the autumn incorporation only in March 2009 and
2010 (Table 10). The enzyme activity was visibly higher
in May and June followed by the activity in March and
August in specific years of the study.

The NR activity across the period investigated ranged
widely from 0.096 to 4.32 mg N-NO2

− kg−1 24 h−1

(Table 11). The highest activity was observed in 2011
(mean 2.55 mg N-NO2

− kg−1 24 h−1) followed by 2009
and 2010 (mean 0.39mgN-NO2

− kg−1 24 h−1) (Fig. 2d).
There was no consistent trend in the NR activity in
individual years as affected by sampling dates
(Table 11). The only one clear trend was that the NR
activity was the highest in May during the entire exper-
imental period. As compared with the control, the ap-
plication of the catch crop significantly influenced the
NR activity in 2009 (except in June) and in 2011 (except
in August). The time of the catch crop incorporation
markedly affected the NR activity only in March 2009,
while at other sampling times the activity was not influ-
enced or no clear trends were observed in this activity
when the individual years of the study were examined.

Relationship between the properties studied

According to multiple linear regression analysis, the soil
enzymes were significantly correlated with some

Table 7 Basic soil characteristic
during the experiment
(2009–2011)

›mean (±standard deviation), ^ -
values followed by different small
letters within each column are
significantly different at P< 0.05

Properties Sampling time 2009 2010 2011

CORG (g kg−1) March 6.16› (±0.52)b^ 7.77(±0.43) 11.6(±0.52)

August 7.77(±0.22)a 8.26(±0.40) 11.6(±0.68)

NTOT (g kg−1) March 0.55(±0.05) 0.63(±.0.04) 0.97(±0.04)

August 0.58(±0.06) 0.64(±0.02) 1.10(±0.06)

pHKCl March 5.47(±0.77) 4.75(±0.43) 6.66(±0.25)

August 5.30(±0.65) 4.83(±0.40) 6.85(±0.15)
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chemical properties (Table 12). A significant correlation
was found between the total and nitrate-N contents,
CORG content, pHKCl and the N-cycle enzymes. The
enzyme activities were positively correlated with
pHKCl and the MBN negatively. The N-NO3

− content
was significantly and positively related to PRO and NR
and negatively with AAR. The activity of UR and AAR
was negatively related to the ammonium-N content. The
highest correlation coefficients (r2=0.682 - 0.811) were
observed between NR activity and NTOT and CORG

content at every variant of catch crop management
(Table 13). A closer relationship between NR activity
and N-NO3

− content was found when the catch cropwas
incorporated in the autumn (r2=0.596) followed by the
spring incorporation and the control (r2=0.454 and
0.219, respectively).

Discussion

Basic chemical properties

Generally, neither catch crop management and the time
of its incorporation as well as sampling season had an
influence on the organic carbon and total nitrogen con-
tent or soil reaction during the three-year-long experi-
mental period (Tables 4 and 7). In this study the lack of
the temporal accumulation of CORG and NTOT took
place because the experiment was carried out in a dif-
ferent section of the field each year and one year of the
study might be too short to detect differences in CORG

and NTOT due to catch crop treatment. The results relat-
ed to the effect of catch crops on the CORG and NTOT

content in different experiments were contradictory;
some results suggest an increase in these properties,
but often no changes were found. In the study of
Navas et al. (2011), total nitrogen was among the chem-
ical variables that were influenced the most by the
legume cover crops that were evaluated. Prior to the
experiment, the average concentration of the NTOT in
soil was 0.1 g kg−1, while after three years of soil cover
with legumes, this value increased to 0.4-0.8 g kg−1. In
another study (Berntsen et al. 2006), the content of
NORG was only 10 % higher when the catch crop was
applied compared to the control as well as when it was
incorporated in the spring rather than in the autumn. In
contrast, other data revealed that cover crops did not
have any significant effect on changes in the soil NTOT

content two years after their application as green manure
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Fig. 2 The content of MBN (a), urease activity (b), protease
activity (c) and nitrate reductase activity (d) as dependent on the
time of catch crop incorporation (average for four sampling dates).
A – catch crop incorporated in autumn, B – catch crop incorporated
in spring, C – control (without a catch crop). Values followed by
the same small letter in the same year are not significantly different
at P< 0.05
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(Arlauskiené and Maikšténiené 2010). The lack of differ-
ences in the soil organic carbon content as influenced by
different catch crops compared to the control was also
observed during a period of three years (Eichler-
Löbermann et al. 2008) or after eight years of a high input
of organic matter in the form of pig slurry and catch crops
(Debosz et al. 1999). This indicates a rapid degradation of

cover crop residues when incorporated into the soil as
stated by Kuo et al. (1997). According to the authors, the
rapid decay of the cover crops after incorporation into the
soil and the six years of continuous winter cover cropping
had only a limited effect on the soil CORG content.

Soil mineral nitrogen

A higher content of the mineral N (especially N-NO3
−)

after the spring incorporation compared with the autumn
application may be due to the partial loss of the mineral

Fig. 3 The MBN/NTOT ratio as dependent on the time of catch
crop incorporation and sampling date. Mean and standard devia-
tion is given on each bar. Values followed by the same small letter

in the same sampling date and different catch crop incorporation
time (a, b, c) are not significantly different at P< 0.05

Table 8 Urease activity (UR) (mg N-NH4
+ kg−1 h−1) as depen-

dent on the time of catch crop incorporation and sampling season
during the experiment (2009–2011)

Catch crop §March May June August

A& 5.37a^C# 21.6 bA 13.2 bB 7.64 bC

B 5.49aC 21.2 bA 13.8 bB 7.70 bC

C 5.64aC 24.6 aA 15.2 aB 8.50 aC

Mean 5.50C 22.5A 14.1B 8.00C

&A – catch crop incorporated in autumn, B – catch crop incorpo-
rated in spring, C – control (without a catch crop); § sampling
dates

Values followed by the same small letter within each column are
not significantly different at P< 0.05. Values followed by the same
capital letter within a line are not significantly different at P< 0.05.

^ Different small letters indicate comparison between catch crops
treatments (within the same sampling date).
# Different capital letters indicate a comparison among sampling
dates within the same catch crop treatments.
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Fig. 4 Arginine ammonification rate (AAR) as dependent on the
sampling season during the experiment (average across treat-
ments). Values followed by the same capital letter in the same year
are not significantly different at P<0.05
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N during the autumn and winter. When the catch crop
was incorporated in the autumn, partial mineralization
might have taken place because of temperatures above
zero (4-5 °C) and the relatively high precipitation in
November (2008–2010) (Table 2). A general assumption
has been that N mineralization is low when the soil tem-
perature is below 5 °C (Thorup-Kristensen et al. 2003).
Additionally, in this study the mineralization processes in
the autumn/winter period might have been enhanced due
to the sandy-loam soil, which had good air conditions.
When the catch crops were left for winter, the mineraliza-
tion was limited firstly by the growth of the catch crop and
secondly because of the low temperatures that occurred
from December to February that damaged the green bio-
mass (Table 2). The major mineralization of the incorpo-
rated biomass happened in the spring, which was con-
firmed by the fact that the highest enzymatic activity
occurred in May and June (Tables 8, 9, 10 and 11, Fig. 4).

As was shown in earlier studies (Känkänen et al.
1998), the N content of the incorporated catch crop
had a marked effect on the mineral N content after
incorporation. In this study the highest biomass of the
catch crop that was observed in 2008 (Fig. 1) was
clearly related to the highest N uptake in that year
(Table 3) and the highest yield of spring barley in
2009 (data not presented), but not with the mineral N
content in subsequent years. The only consistent trends
were that the highest concentration (% of dry matter) in
2010was related to the highest content of N-NO3

− in the
soil in 2011. Moreover, the highest N uptake (Table 3)
and catch crop yield in 2008 (Fig. 1) corresponded to the

lowest N-NO3
− content in 2009. In this case nitrate ions

could have been partially leached and/or accumulated in
the spring barley yield.

In this study there was no clear seasonal pattern for
the mineral nitrogen content. Usually the nutrient con-
tent in soil that is available to plants after the main crops
are harvested is usually lower than in the spring before
crop cultivation (Eichler-Löbermann et al. 2008), which
was true in this study for N-NO3

− in 2010 and 2011.
During the growth of legume catch crops, the nutrient
content in the soil is usually lower due to the biological
nutrient fixation in the plant biomass. After incorpora-
tion into the soil, the nutrients in the plant biomass are
released during the process of decomposition, which is
most intensive in the spring and at the beginning of

Table 9 Arginine ammonification rate (AAR) (mg N-NH4
+

kg−1 h−1) as dependent on the sampling season during the exper-
iment (2009–2011)

Catch crop § March May June August

A& 1.90a^B# 4.10bA 3.98bA 2.59aAB

B 1.85aB 4.11bA 4.07bA 2.51aAB

C 2.06aB 4.40aA 4.34aA 2.40aB

Mean 1.94B 4.20A 4.13A 2.50B

&A – catch crop incorporated in autumn, B – catch crop incorpo-
rated in spring, C – control (without a catch crop); § sampling dates

Values followed by the same small letter within each column are
not significantly different at P< 0.05. Values followed by the same
capital letter within a line are not significantly different at P< 0.05.

^ Different small letters indicate comparison between catch crops
treatments (within the same sampling date).
# Different capital letters indicate a comparison among sampling
dates within the same catch crop treatments.

Table 10 Protease activity (PRO) (mg TYR kg−1 h−1) as depen-
dent on the time of catch crop incorporation and sampling season

Catch crop §March May June August

2009

A& 38.1b^B# 56.5abA 67.9abA 44.4abB

B 44.3aB 67.8aA 78.2aA 52.1aB

C 29.8bB 45.8bA 49.7bA 36.1bAB

Mean 37.4B 56.7A 65.3A 44.2B

2010

A 40.8bB 60.7aA 74.3abA 41.5abB

B 52.3aB 69.9aAB 81.6aA 48.9aB

C 32.4cC 58.6bB 67.4bA 36.1bC

Mean 41.8B 63.1A 74.4A 42.2B

2011

A 39.8abB 57.5abA 63.8aA 45.4abB

B 49.6aA 65.9aA 69.6aA 58.1aA

C 29.9bB 34.9bB 50.4bA 36.2bB

Mean 39.8B 52.8A 61.3A 46.6B

2009–2011

A 39.6abB 58.2bA 68.7aA 43.8abB

B 48.7aB 67.9aA 76.5aA 53.0aB

C 30.7bB 46.4cAB 55.8bA 36.1bB

Mean 39.7B 57.5A 67.0A 43.3B

&A – catch crop incorporated in autumn, B – catch crop incorpo-
rated in spring, C – control (without a catch crop); § sampling dates

Values followed by the same small letter within each column are
not significantly different at P< 0.05. Values followed by the same
capital letter within a line are not significantly different at P< 0.05.

^ Different small letters indicate comparison between catch crops
treatments (within the same sampling date).
# Different capital letters indicate a comparison among sampling
dates within the same catch crop treatments.
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summer, i.e., in the period of the most intensive spring
crop growth. The decrease in mineral N in August may
have been due to the fact that part of mineral N was
accumulated in the yield of sequent crop and the bio-
logical processes of mineralization in soil decreased
because the growth of plants was finished. In this study
the N effect of the catch crop could have been masked
by the fact that the mineral N fertilization was applied
every year before the sowing and during the shooting of
spring barley. High ammonium-N in June in 2009 and
2010, compared to other sampling months, could have
been due to the N-fertilization that had been conducted
almost one month earlier.

The content of the soil mineral nitrate N in the spring
(March) may have been influenced by the mineralization
of organic matter and the leaching of N during the late
autumn, winter and early spring. The rate of mineraliza-
tion is governed not only by the type of organic matter in
the soil, but also by the soil temperature, moisture content,
soil acidity, soil aeration and other factors (Camberato
2001). Crozier et al. (1998) found 45 % of cover crops
N mineralized shortly after the incorporation of green
manure crops. In the following months (December-
February), the mineralization may be decreased because
low temperatures (near or below 0 °C) slow down the
decomposition of plant materials and the nitrification in
soil, thus suggesting low mineralization and leaching
during the winter when the soil is usually frozen
(Känkänen et al. 1998). On the other hand, mineralization
at low temperatures is not negligible and a high release of
N from the incorporated plant material was obtained
during the period when the soil was frozen most of the
time (Müller and Sundman 1988). The occurrence of the
leaching process in the autumn/winter period (mainly in
November) in this study could have been indirectly con-
firmed by the fact that the content of N-NO3

− in October
(before the catch crop incorporation) was almost 20-30 %
higher than in March in the subsequent years (data not
shown). In March 2009 the precipitation was higher than
in March 2010 and 2011, which was clearly connected
with the content of N-NO3

− in the soil at the end ofMarch
in subsequent years. Due to the higher precipitation in
March, a lower content of N-NO3

− in the soil was found in
this month. Similarly, a high precipitation level in August
2010 and in June and July 2011 caused a lower soil N-
NO3

− content, which could have been connected with
partial leaching. The adequate explanation was given by
Panek (1993), who stated that in the Midwestern Poland
(area of soil sampling ) spring barley in June and July
(earing and wax maturation) is able to uptake no more
than 80 mm of water head per month. In June and July
2011 precipitation was higher that this value (Table 2) and
therefore we can presume that partial leaching took place.
The other reason of low soil N-NO3

− content inMay 2009
and June 2010 and 2011was probably its accumulation in
the yield of spring barley dependent on its well developed
root system. Indeed, the lowest content of N-NO3

− in the
soil was found in 2009 for which the highest yield of
spring barley was obtained (data not presented). The
increased content of N-NO3

− in May that was found in
the present experiment (2010 and 2011) was probably
caused by the mineralization of plant residues in the early

Table 11 Nitrate reductase activity (NR) (mg N-NO2
− kg−1

24 h−1) as dependent on the time of catch crop incorporation and
sampling season

Catch crop §March May June August

2009

A& 0.158 b^C# 0.920aA 0.721 abA 0.307aB

B 0.180 aC 0.850aA 0.888 aA 0.331aB

C 0.096 cC 0.705bA 0.605 bA 0.255bB

Mean 0,145C 0.825A 0.738A 0.298B

2010

A 0.286abA 0.330 abA 0.266 abA 0.266aA

B 0.355aA 0.379 aA 0.298 aA 0.242aA

C 0.207bA 0.268 bA 0.223 bA 0.127bB

Mean 0.283A 0.326A 0.262A 0.212A

2011

A 2.90 aB 4.32aA 1.86 abC 1.86aC

B 2.80 aB 4.07aA 2.08 aB 1.63aC

C 2.39 bB 3.46bA 1.55 bC 1.61aC

Mean 2.70B 3.95A 1.83C 1.70C

2009–2011

A 1.30 aA 1.86 aA 0.95 bB 0.81aB

B 1.35 aAB 1.77 bA 1.09 aB 0.73aC

C 1.07 bAB 1.48 cA 0.79 cB 0.66aB

Mean 1.24B 1.70A 0.94B 0.74B

&A - catch crop incorporated in autumn, B – catch crop incorpo-
rated in spring, C – control (without a catch crop); § sampling
dates

Values followed by the same small letter within each column are
not significantly different at P< 0.05. Values followed by the same
capital letter within a line are not significantly different at P< 0.05.

^ Different small letters indicate comparison between catch crops
treatments (within the same sampling date).
# Different capital letters indicate a comparison among sampling
dates within the same catch crop treatments.
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spring or could be partially caused by the first dose of N-
fertilizer applied.

Ammonium-N can be lost from the field during the
volatilization of ammonia gas (NH3) or can be convert-
ed to nitrate by soil bacteria. The rate of the nitrification
and volatilization processes is affected by soil moisture
and temperature. Additionally, the bacteria involved in
the nitrification are very sensitive to soil pH and the
higher the soil pH, the higher the nitrification rate
(Gieseke et al. 2006). The optimum pH for this process
may vary from 6.6 to 8.0 (Tarre et al. 2004). In this study
there was only optimum pH for the nitrification (6.75) in
2011 (Table 7) and, in fact, the highest content of N-
NO3

− (13.2 mg kg−1) together with the lowest N-NH4
+

concentration (2.94 mg kg−1) was observed in that year
(Tables 5 and 6). In addition, the values of pHKCl were
significantly and positively correlated with the N-NO3

−

content and negatively with the N-NH4
+ content (data

not presented) which confirms the statement above.

Microbial biomass nitrogen and the activity of N-related
enzymes

The microbial biomass and activity are the main biolog-
ical indicators of soil quality and respond rapidly to

changes resulting from agronomic practices (Araújo
et al. 2003). Soil enzymes are the primary mediators of
soil biological processes, including organic matter deg-
radation, mineralization and nutrient cycling (Li et al.
2009). Higher PRO and NR activity and MBN content
in catch crop treatment as compared to the control
probably resulted from the input of the catch crop bio-
mass. Soil microorganisms degrade organic matter
through the production of different extracellular en-
zymes and for this reason after the application of green
manures to soil, the enzymatic activity of the soil in-
creases (Tejada et al. 2008). The fresh plant biomass
provides readily accessible substrates for microorgan-
isms and the specific quality of the organic residues
controls the decomposition rate and the release of nutri-
ents by soil microorganisms (Arlauskiené and
Maikšténiené 2010). Leguminous catch crops, because
of their low C:N ratio, especially contain easily available
compounds, such as amino acids and carbohydrates,
which can stimulate the microbial population and its
activity (Kumar and Goh 2003; Dinesh et al. 2004).
Moreover, the added green biomass may not only stim-
ulate microbial activity but also may contain intra- and
extracellular enzymes as stated Pascual et al. (1998).
The lower or unaffected activity of UR and AAR when

Table 12 Regression summary for dependent variables (y)

Dependent variables (y) Regression p r2

UR y=5.23+1.175 CORG – 0.456 N-NH4
+±2.03 0.00130 0.223

PRO y=38.9+6.2 NTOT+5.03 CORG+5.05 pHKCl+0.8 N-NO3
−±6.69 0.00052 0.314

AAR y=−1.43+3.08 NTOT+1.04 CORG +0.469 pHKCl – 0.033 N-NO3
− – 0.130 N-NH4

+±0.451 0.04940 0.376

NR y=−2.27+0.156NTOT+0.385 CORG+0.453 pHKCl+0.048 N-NO3
−±0.384 0.00042 0.854

MB-N y=34.1+38.0 NTOT+2.76 CORG – 3.99 pHKCl+0.321 N-NO3
−±5.03 0.00603 0.177

Table 13 Regression summary
for dependent variable (y) NR Variables Catch crop

management
Regression p r2

NR x NTOT A y=−2.06+4.01x±0.608 0.000000 0.702

B y=−2.14+4.10x±0.568 0.000000 0.682

C y=−1.92+3.68x±0.471 0.000321 0.743

NR x CORG A y=−2.81+0.423x±0.554 0.000000 0.752

B y=−3.29+0.447x±0.496 0.000000 0.757

C y=−2.56+0.379x±0.403 0.000000 0.811

NR x N-NO3
− A y=0.352+0.156x±0.545 0.000256 0.596

B y=0.195+0.095x±0.645 0.000332 0.454

C y=0.169+0.088x±0.891 0.000956 0.219
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the catch crop was applied as compared to the control
was probably caused by fact that the activity of the soil
enzymes involved in the cycling of a given nutrient are
often negatively related to the availability of that nutri-
ent in the soil (Dick 1992). In our study the activity of
UR and AAR was negatively correlated with the N-
NH4

+ content (Table 12), which can be explained by
the fact that the synthesis of these enzymes is repressed
when the cells are grown in the presence of a preferred N
source such as N-NH4

+ (Marcote et al. 2001; Geisseler
et al. 2010).

The significantly higher biomass N content when the
catch crop was incorporated in the spring as compared
to autumn incorporation (Fig. 2a) was probably caused
by the fact that the spring incorporation allowed more
time for the catch crop to grow. The amount of the catch
crop biomass incorporated in the spring was probably
higher than that applied in the autumn. The incorpora-
tion of a higher catch crop biomass in the spring initiated
an intensive decomposition process, due to the higher
temperatures that occurred in the spring months and at
the beginning of spring barley growth, which could have
promoted the growth of indigenous microorganisms.
The catch crop incorporated in the autumn was already
at a more advanced mineralization stage and in the
spring the intensity of the decomposition would have
been lower. Since the enzymatic activity was either
unaffected by the time of the catch crop incorporation
or because the results were inconsistent, other factors
may have influenced the activity. The activity might
have been the result of opposite effects that were depen-
dent on the relative amounts of the substrates and prod-
ucts that were presents, which could have regulated the
activity.

Seasonal changes in soil enzymes could have been
related to the intensity of the catch crop mineralization
as well as to the temperature and soil moisture. In fact, a
marked interaction between the temperature data and
enzymatic activity on subsequent sampling dates was
found in the study. The assayed enzymes showed a
higher activity in May and June (except for NR activity)
than in March when the temperature was clearly lower
(Table 2). However, there was not such a relationship
between the enzymatic activity and temperature data in
August. Similarly, no marked relationship was found
between enzyme activities and the level of precipitation
in the periods of the sampling. The period of 1st to 10th

August 2009 was very dry while during the same period
in 2010 it was rather wet (81 mm) (detailed data of

precipitation are not presented). However, this was not
reflected in any enzyme activity. It is probable that the
enzymatic activity patterns were more affected by the
catch crops mineralization that was discussed above or
other agents rather than by climatic factors.

Although the content of CORG and NTOT was not
significantly influenced by catch crop management
and the sampling season (except CORG in 2009), the
enzymatic activity was significantly correlated with the-
se properties (Tables 12, 13), which have been described
earlier in other soils (e.g. Chaer et al. 2009; Chodak et al.
2003; Nsabimana et al. 2004). In fact, the CORG and
NTOT content plays an important role in determining the
size of the microbial biomass and the level of enzyme
activity (Chaer et al. 2009). A significant relation be-
tween NR activity and N-NO3

− (Tables 12, 13) was
expected since nitrate reductase is an adaptive enzyme
and is only synthesized in the presence of NO3

− ions,
while it is repressed by NH4

+ ions in a soil solution
(Rice and Tiedje 1989; McCarty and Bremner 1992).

Conclusions

Our study showed that use of field pea as a green
manure, in contrast to the control soil, significantly
increased the soil mineral and microbial biomass N
content as well as the activities of protease and nitrate
reductase during the growing period of the following
crop. The spring incorporation of the catch crop signif-
icantly increased the MBN content in contrast to the
autumn application, while the activity of N-cycle en-
zymes was clearly unaffected by the time of the incor-
poration of field pea or the results were inconsistent.
When field pea was incorporated in the spring, a signif-
icantly higher content of mineral N, as compared to the
autumn incorporation, was only observed on two of the
four sampling dates (mean for 2009–2011). The higher
content of mineral N in treatments with the catch crop
than in the control indicated the significant potential of a
catch crop in reducing the leaching of nitrate-N from the
topsoil. When the catch crop was incorporated in au-
tumn, the partial mineralization of organic matter and
leaching of N-NO3

− during the autumn/winter period
might have occurred.

In conclusion, the results obtained indicate that the
application of a catch crop can be recommended as a
means of increasing the soil biological activity and the
content of mineral N in the soil. Since there was an
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ambiguous effect related to the time of the catch crop
incorporation for most of the properties studied, i.e.,
there was no significant effect or no consistent results
were obtained, both a spring and autumn application can
be recommended as a management tool to improve the
status of soil properties during the growth of the sequent
crop. It is, however, important to highlight the fact that
soils from different origins and properties may respond
differently to the time when the catch crop is
incorporated.

Acknowledgements The research was financed by the Polish
Ministry of Science and Higher Education (project no N N310
144135). Much gratitude is due to Michele Simmons for proof
reading the article.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the orig-
inal author(s) and the source are credited.

References

Alef, K., & Kleiner, D. (1986). Arginine ammonification, a simple
method to estimate microbial activity potentials in soils. Soil
Biology and Biochemistry, 18(2), 233–235.

Ananyeva, N. D., Demkina, T. S., Jones, W. J., Cabrera, M. L., &
Steen, W. C. (1999). Microbial biomass in soils of Russia
under long term management practices. Biology and Fertility
of Soils, 29, 291–299.

Araújo, A. S. F., Monteiro, R. T. R., & Abarkeli, R. B. (2003).
Effect of glyphosate on soil microbial activity of two
Brazilian soils. Chemosphere, 52, 799–804.

Arlauskiené, A., & Maikšténiené, S. (2010). The effect of cover
crop and straw applied for manuring on spring barley yield
and agrochemical soil properties. Zemdirbyste-Agriculture,
97, 61–72.

Barford, C., & Lajtha, K. (1992). Nitrification and nitrate reduc-
tase activity along a secondary successional gradient. Plant
and Soil, 145, 1–10.

Bashour, I. I., & Sayegh, A. H. (2007). Methods of analysis for
soils of arid and semi-arid regions (pp. 1–128). Rome: Food
and Agriculture Organization of the United States.

Berntsen, J., Olsen, J. E., Petersen, B.M., &Hansen, E.M. (2006).
Long-term fate of nitrogen uptake in catch crops. European
Journal of Agronomy, 25, 383–390.

Bremner, J. M., &Mulvaney, C. S. (1982). Nitrogen— total. In A.
L. Page, R. H. Miller, & D. R. Keeny (Eds.),Methods of Soil
Analysis. Part 2 (pp. 594–624). Madison: American Society
of Agronomy.

Briggs, S.R., Cuttle, S., Goodlass G., Hatch, D., King, J.,
Roderick, S. & Shepherd, M. (2005). Soil Nitrogen
Building Crops in Organic Farming – Defra research project
OF0316 project publication

Brookes, P. C., Landman, A., Pruden, G., & Jenkinson, D. S.
(1985). Chloroform fumigation and the release of soil

nitrogen: a rapid extraction method to measure microbial
biomass nitrogen in soil. Soil Biology and Biochemistry, 17,
837–842.

Camberato, J. J. (2001). Nitrogen in soil and fertilizers. SC
Turfgrass Found. News, 8, 6–10.

Chaer, G. M., Myrold, D. D., & Bottomley, P. J. (2009). A soil
quality index based on the equilibrium between soil organic
matter and biochemical properties of undisturbed coniferous
forest soils of the Pacific Northwest. Soil Biology and
Biochemistry, 41, 822–830.

Chirinda, N., Olsen, J. E., Porter, J. R., & Schjønning, P. (2010).
Soil properties, crop production and greenhouse gas emission
from organic and inorganic fertilizer-based arable cropping
systems. Agriculture, Ecosystem and Environment, 139,
584–594.

Chodak,M., Khanna, P., & Beese, F. (2003). Hot water extractable
C and N in relation to microbiological properties of soils
under beech forests. Biology and Fertility of Soils, 39, 123–
130.

Crozier, C. R., King, L. D., & Volk, R. J. (1998). Tracing nitrogen
movement in corn production systems in the North Carolina
Piedmont: A nitrogen-15 study. Agronomy Journal, 90, 171–
177.

Debosz, K., Rasmussen, P. H., & Pedersen, A. R. (1999).
Temporal variations in microbial biomass C and cellulolytic
enzyme activity in arable soils: effects of organic matter
input. Applied Soil Ecology, 13, 209–218.

Dick, R. P. (1992). A review: long-term effects of agricultural
systems on soil biochemical and microbial parameters.
Agricultural Ecosystem and Environment, 40, 25–60.

Dinesh, R., Suryanarayana, M. A., Chaudhuri, S. G., & Sheeja, T.
E. (2004). Long-term influence of leguminous cover crops on
the biochemical properties of a sandy clay loam Fluventic
Sulfaquent in a humid tropical region of India. Soil and
Tillage Research, 77, 69–77.

Doltra, J., & Olesen, J. (2013). The role of catch crop in the
ecological intensification of spring cereals in organic farming
under Nordic climate. European Journal of Agronomy, 44,
98–108.

Eichler-Löbermann, B., Köhne, S., Kowalski, B., & Schnug, E.
(2008). Effect of catch cropping on phosphorus bioavailabil-
ity in comparison to organic and inorganic fertilization.
Journal of Plant Nutrition, 31, 659–676.

Fageria, K., Baligar, V. C., & Bailey, B. (2005). Role of cover
crops in improving soil and row crop productivity.
Communication in Soil Science and Plant Analysis, 36,
2733–2757.

Fazekašová, D. (2012). Evaluation of soil quality parameters
development in terms of sustainable land use: Sustainable
development - authoritative and leading edge content for
environmental management In Tech, Rijeka

Garwood, T. W. D., Davies, D. B., & Hartley, A. R. (1999). The
effect of winter caver crops on yield of the following spring
crops and nitrogen balance in a calcareous loam. Journal of
Agricultural Science, 132, 1–11.

Geisseler, D., Horwath, W. R., Joergensen, R. G., & Ludwig, B.
(2010). Pathways of nitrogen utilization by soil microorgan-
isms – A review. Soil Biology and Biochemistry, 42, 2058–
2067.

Gieseke, A., Tarre, S., Green, M., & Dirk de Beer, D. (2006).
Nitrification in a biofilm at low pH values: Role of in situ

Environ Monit Assess (2014) 186:8425–8441 8439



microenvironments and acid tolerance. Applied
Environmental Microbiology, 72, 4283–4292.

Hansen, E. M., Djurhuus, J., & Dick, W. A. (1997). Nitrate
leaching as influenced by soil tillage and catch crop. Soil
and Tillage Research, 41, 203–219.

Jan, T. M., Roberts, P., Tonheim, S. K., & Jones, D. L. (2009).
Protein breakdown represents a major bottleneck in nitrogen
cycling in grassland soils. Soil Biology and Biochemistry, 41,
2272–2282.

Janušauskaité, D., Arlauskiené, A., & Maikšténiené, S. (2013).
Soil mineral nitrogen and microbial parameters as influenced
by catch crops and straw management. Zemdirbyste-
Agriculture, 100, 9–18.

Joergensen, R. G., & Mueller, T. (1996). The fumigation-
extraction method to estimate soil microbial biomass: cali-
bration of the KEN value. Soil Biology and Biochemistry, 28,
33–37.

Kandeler, E. (1995). Enzymes involved in nitrogen metabolism. In
F. Schinner, R. Öhlinger, E. Kandeler, & R. Mrgesin (Eds.),
Methods in Soil Biology (pp. 163–184). Berlin: Springer-
Verlag.

Kandeler, E., & Gerber, H. (1988). Short-term assay of soil urease
activity using colorimetric determination of ammonia.
Biology and Fertility of Soils, 6, 68–72.

Känkänen, H., Kangas, A., Mela, T., Nikunen, U., Tuuri, H., &
Vuorinen, M. (1998). Timing incorporation of different green
manure crops to minimize the risk of nitro gen leaching.
Agricultural and Food Science in Finland, 7, 553–567.

Kumar, K., & Goh, K. M. (2003). Nitrogen release from crop
residues and organic amendments as affected by biochemical
composition. Communication in Soil Science and Plant
Analysis, 34, 2441–2460.

Kuo, S., Sainju, U. M., & Jellum, E. J. (1997). Winter cover crop
effects on soil organic carbon and carbohydrate in soil. Soil
Science Society of America Journal, 61, 145–152.

Ladd, J. N., & Butler, J. H. A. (1972). Short-term assays of soil
proteolytic enzyme activities using proteins and peptide der-
ivates as substrates. Soil Biology and Biochemistry, 4, 19–30.

Ladd J.N., & Jackson, R.B. (1982). Biochemistry of ammonifica-
tion, In: Nitrogen in agricultural soil. USA:American Society
of Agronomy.

Li, Y. T., Rouland, C., Benedetti, M., Li, F., Pando, A., & Lavelle,
P. (2009). Microbial biomass, enzyme and mineralization
activity in relation to organic C, N and P turnover influenced
by acid metal stress. Soil Biology and Biochemistry, 41, 969–
977.

Marcote, I., Hernández, T., García, C., & Polo, A. (2001).
Influence of one or two successive annual application
of organic fertilisers on the enzyme activity of a soil
under barley cultivation. Bioresource Technology, 79,
147–154.

Mc Carty, G. W., & Bremner, J. M. (1992). Regulation of
assimilatory nitrate reductase activity in soil by micro-
bial assimilation of ammonium. Proceedings of the
National Academy of Sciences of the United States of
America, 89, 453–456.

Müller, M. M., & Sundman, V. (1988). The fate of nitrogen (15 N)
released from different plant materials during decomposition
under field condition. Plant and Soil, 105, 133–139.

Navas, M., Benito, M., Rodríguez, I., & Masaguer, A. (2011).
Effect of five forage legume covers on soil quality at the

Eastern plains of Venezuela. Applied Soil Ecology, 49, 242–
249.

Nsabimana, D., Haynes, R. J., & Wallis, F. M. (2004). Size,
activity and catabolic diversity of the soil microbial biomass
as affected by land use. Applied Soil Ecology, 26, 81–92.

Panek, K. (1993). Precipitation. In: Yield-forming factors - yield-
ing of plants. Dzieżyc J. (Ed.), PWN Warszawa - Wrocław,
149–193 (In Polish).

Pascual, J. A., Hernandez, T., Garcia, C., & Ayuso, M. (1998).
Enzymatic activities in an arid soil amended with urban
organic wastes: laboratory experiment. Bioresource
Technology, 64, 131–138.

Piotrowska, A., & Wilczewski, E. (2012). Effect of catch crops
cultivated for green manure and mineral nitrogen fertilization
on soil enzyme activities and chemical properties.Geoderma,
189–190, 72–80.

Ribaudo, M., Delgado, J., Hansen, L., Livingston, M., Mosheim,
R. &Williamson, J. (2011). Nitrogen in agricultural systems:
Implications for conservation policy. ERR-127. U.S.
Department of Agriculture, Economic Research Service, 1–
82.

Rice, C. W., & Tiedje, J. M. (1989). Regulation of nitrate
assimilation by ammonium in soils and in isolated soil
microorganisms. Soil Biology and Biochemistry, 4,
597–602.

Shepherd, M., Pearce, B., Cormack, B., Philipps, L., Cuttle, S.,
Bhogal1, A., Costigan, P. & Unwin, R. (2003). An assess-
ment of the environmental impacts of organic farming. A
review for Defra-funded project OF0405 – Defra.

Soil Survey Staff. (2010). Keys to Soil Taxonomy (11th ed.).
Washington, DC: USDA Natural Resources Conservation
Service.

Stark, C., Condron, L. M., Stewart, A., Di, H. J., & O'Callaghan,
M. (2007). Influence of organic and mineral amendments on
soil microbial properties and processes.Applied Soil Ecology,
35, 79–93.

Tarre, S., Beliavski, M., Denekampn, N., Gieseke, A., de Beer, D.,
& Green, M. (2004). High nitrification rate at low pH in a
fluidized bed reactor with chalk as the biofilm carrier. Water
Science and Technology, 49, 99–105.

Tejada,M., Gonzalez, J. L., García- Martínez, A.M., & Parrado, J.
(2008). Effects of different green manures on soil biological
properties and maize yield. Bioresource Technology, 99,
1758–1767.

Thomsen, I. K. (2005). Nitrate leaching under spring barley is
influenced by the presence of a ryegrass catch crop: Results
from a lysimeter experiment. Agriculture, Ecosystem and
Environment, 111, 21–29.

Thorup-Kristensen, K., & Dresbøll, D. B. (2010). Incorporation
time of nitrogen catch crops influenced the N effect for the
succeeding crop. Soil Use and Management, 26, 27–53.

Thorup-Kristensen, K., Magid, J., & Jensen, L. S. (2003). Catch
crops and green manures as biological tools in nitrogen
management in temperate zones. Advance Agronomy, 79,
227–302.

Torstensson, G. (1998). Nitrogen delivery and utilization by sub-
sequent crops after incorporation of leys with different plant
composition. Biological Agriculture and Horticulture, 16,
129–143.

Tripolskaya, L. N., Bogdanavichene, Z. E., & Romanovskaya,
D. K. (2004). Microbiological activity of soddy-podzolic

8440 Environ Monit Assess (2014) 186:8425–8441



soil and decomposition of organic fertilizers in the
autumn-winter period. Eurasian Journal of Science, 37,
967–974.

Wallgren, B., & Lindén, B. (1994). Effects of catch crops and
ploughing times on soil mineral nitrogen. Swedish Journal of
Agricultural Research, 24, 67–75.

Zarabi, M., & Jalali, M. (2012). Leaching of nitrogen from calcar-
eous soils in western Iran: soil leaching column study.

Environmental Monitoring and Assessment, 184, 7607–
7622.

Zhaohui, L., Xiaozong, S., Lihua, J., Haitao, L., Yu, X., Xinhao,
G., Fuli, Z., Deshiu, T., Mei,W., Jing, S. &Yuwen, S. (2012).
Strategies for managing soil nitrogen to prevent nitrate-N
leaching in intensive agriculture system. In: Hernandez
Sorino, M.C. (Ed.), Soil health and land use management
(pp. 133–153). Shanghai: In Tech.

Environ Monit Assess (2014) 186:8425–8441 8441


	Assessment...
	Abstract
	Introduction
	Material and methods
	Site description and experimental design
	Laboratory analysis
	Statistical analysis

	Results
	Catch crop biomass and nitrogen content
	Mineral N and other chemical properties of soil
	Microbial biomass N content and soil enzymatic activity
	Relationship between the properties studied

	Discussion
	Basic chemical properties
	Soil mineral nitrogen
	Microbial biomass nitrogen and the activity of N-related enzymes

	Conclusions
	References


