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Abstract
Background and aims Catch crops (CC) reduce nitrate
leaching, and may resolve a major concern in nitrogen
(N) intensive agriculture. CC efficiency depends on N
uptake ability, which is related to root development,
biomass partitioning, and competition with soil mi-
crobes. We investigated the effect of N addition on this
with three CC species.
Methods Three CC species were grown in pots with
three N concentrations. Shoot and root biomass, C:N

content, and specific root length were determined,
whereas residual N, dissolved organic N (DON) and
C, and microbial biomass N and C were measured.
Results Addition of N did not consistently effect plant
biomass nor its partitioning, probably because of overall
high N. However, CC did reduce residual N, and so did
soil microorganisms, likely facilitated by C-release from
roots. Moreover, plant presence reduced DON, likely
through uptake by soil microorganisms, partly followed
by plant uptake.
Conclusions CC not only take up residual N them-
selves, but also trigger considerable N uptake by soil
microorganisms that thrive on C-release from roots.
This plant-microbe-nitrogen interaction has to be con-
sidered when evaluating CC systems. It remains unclear
to which extent soil microorganisms immobilise inor-
ganic N and mineralise or take up DON.

Keywords Biomass partitioning . Cover crops .

Nitrogen partitioning . Plant-soil feedback .

Rhizodeposition . Root traits

Abbreviations
C Carbon
CC Catch crops
DON Dissolved organic nitrogen
DOC Dissolved organic carbon
NH4

+ Ammonium
NO3

− Nitrate
N Nitrogen
RE Recovery efficiency
SRL specific root length
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Introduction

Crop production is mainly limited by the acquisition of
soil resources (Lynch 1998). Increases in yield have
therefore been achieved by, amongst others, a high input
of fertilizers. Many crops have, however, a low nutrient
uptake efficiency and leave 50 to 70% of the applied
nitrogen (N) in the soil after harvest (Tilman et al. 2002;
Good et al. 2004; Nacry et al. 2013). The residual nitrate
(NO3

−) in these systems is soluble and thus prone to
leaching to deeper soil layers, especially in autumn and
winter under humid conditions when the agricultural
fields lie fallow. This results in pollution of ground,
surface and coastal waters and ultimately, N saturation
of terrestrial ecosystems (e.g. Vance 2001; Tilman et al.
2002; Good et al. 2004; Nacry et al. 2013).

In 2009, 13% of the groundwater monitoring stations
in Europe exceeded the European threshold for ground-
water NO3

− levels of 50mg L−1, and in several countries
more than 20% of these monitoring locations reflected a
threshold of concern (between 25 and 50 mg NO3

− L−1)
(Eurostat 2012). As a result, fertilizer laws and regula-
tions have been tightened in many European countries,
increasing the demand for more efficient N use and
strategies to capture unused N in agricultural soils.
One of the means to reduce N losses by NO3

− leaching
and preserving N is the cultivation of catch crops grown
in between successive main crops from late summer
until spring (Thorup-Kristensen et al. 2001). The aim
of catch cropping is to immobilise residual N in plant
tissue, preventing it from leaching into deeper soil layers
as NO3

−. A meta-analysis showed that catch crop culti-
vation reduced NO3

− leaching by 70% (Tonitto et al.
2006). Moreover, it appeared to be more effective than
no tillage systems and/or a lowered N input, most prob-
ably due to the continuous uptake of newly mineralised
N throughout the whole period in between the succes-
sive main crops (Constantin et al. 2010). Even though
the plant species used as catch crops have been studied
for their N acquisition capacity, quantification has main-
ly been based on assessing aboveground plant traits,
such as leaf traits, aboveground biomass and shoot N
content (e.g. Tribouillois et al. 2015). However, since N
is taken up by the root system, it is most likely that the
ability of catch crops to remove NO3

− is more strongly
related to root system characteristics. Thorup-
Kristensen (2001) compared root growth of seven catch
crop species and showed that species with a quickly
developing deep root system with high root density

remove more NO3
− from the subsoil, and that this was

not at the expense of NO3
− removal in the topsoil.

Sapkota et al. (2012) found comparable results and
showed that deep rooting species decreased N leaching
by up to 79%. An early developing deep root system
with high root density therefore, appears to be optimal
for high N acquisition rates (Thorup-Kristensen 2001).

Apart from storage in aboveground tissue, substantial
amounts of N are stored in belowground biomass, which
consists of roots and released organic and inorganic
molecules and ions, referred to as rhizodeposition
(Wichern et al. 2008). Kanders et al. (2017) showed that
rhizodeposits may contribute strongly to N removal and
has to be considered in quantification studies. Since the
amount of rhizodeposition is closely related to root
biomass (Shamoot et al. 1968; Wichern et al. 2008),
investment in root biomass of catch crops should be
considered when assessing their ability to remove
NO3

−, especially as roots respond to changing environ-
mental conditions (e.g. Hodge 2004, 2009; Hodge et al.
2009; Semchenko et al. 2014; Belter et al. 2015).

To boost early development of catch crops, small to
medium amounts (40–80 kg N ha−1) of N fertilizer are
often added, even under conditions of high residual N.
However, it is unknown whether these additions of
reactive N indeed trigger substantial increases in bio-
mass development, especially belowground, and wheth-
er this leads to a higher N uptake. If so, the question
remains whether N uptake improves enough to compen-
sate for the added N or, alternatively, whether it results
in higher net N losses compared to no N addition. From
ecological studies it is well known that the plants’ root
systems reacts strongly to changing nutrient conditions
(e.g. Hodge et al. 1999; Hodge 2004; Cahill and
McNickle 2011; Bennett and Cahill 2016). Plants pro-
liferate roots in nutrient-rich patches, especially in high-
N, often with localized increase of root length and
density, and often at the expense of root development
outside the high nutrient patch (e.g. Hackett 1972; Drew
1975; Hodge 2004; Visser et al. 2008; in ‘t Zandt et al.
2015). This response occurs across a broad range of
plant species (Robinson 1994; Cahill and McNickle
2011), but also depends on the individual nutrient being
deficient (Drew 1975; Linkohr et al. 2002; Gruber et al.
2013). N fertilisation in the top soil may, thus, result in
root development in this top soil and thus interfere with
(early) deep root development of the catch crops. In
addition, the optimal partitioning theory implies that
plants invest more in aboveground biomass when
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belowground resources are less limiting, even though
allocation plasticity is highly ontogenetically influenced
(McConnaughay and Coleman 1999; Gruber et al.
2013). N fertilisation may thus result in a faster shoot
than root development. However, as N is often a strong-
ly limiting factor in ecological studies, the question
arises to which extent optimal partitioning takes place
under the high nutrient conditions in intensive
agriculture.

Not only plant responses may differ between systems
with limiting and high nutrient conditions, but also the
competition between plants and microbes for N may
shift. Under N limiting conditions, competition for N
is usually strong (Jackson et al. 1989; Jingguo and
Bakken 1997; Kuzyakov and Xu 2013; Liu et al.
2016), while in high N catch crop systems this compe-
tition may be less. Liu et al. (2016) showed that micro-
organisms took up at least seven times more N than
plants in temperate grassland. This is not always the
case, as shown by Harrison et al. (2008) for a semi-
natural grassland where microorganisms took up about
one third N less than plants, but it indicates a potential
important role for microbes in immobilising N from
agricultural soil that is often overlooked. On the other
hand, it is well known that plant roots release
rhizodeposits (Wichern et al. 2008), which have been
shown to contribute a substantial proportion of the total
residual carbon (C) and N of plants in the soil (Wichern
et al. 2007a; Wichern et al. 2007b), also specifically of
catch crops (Kanders et al. 2017). These rhizodeposits
are partly labile (e.g. exudates) and partly less easily
available to microorganisms (e.g. root fragments, de-
bris), depending on plant species (Wichern et al.
2007a, 2007b). Such rhizodeposits can function as C
source for microbes and trigger both organic matter
mineralisation and release of inorganic N, and immobi-
lisation processes, likewise (Meier et al. 2017). These
processes, however, also depend on availability of N
and other nutrients for soil microorganisms (Fisk et al.
2015; Lloyd et al. 2016), which is likely high in agri-
cultural soils. In this scenario, catch crops could thus
stimulate microorganisms to release additional leach-
able N to the soil.

Here, we examine how fertilization of catch crops
influences biomass partitioning between roots and
shoots, total plant N uptake and if changes in root
development affect the soil microbial biomass in a typ-
ical arable soil with relatively high amounts of residual
N. We selected three commonly grown catch crops with

varying rooting depth and traits: Raphanus sativus L.,
Brassica rapa L. and Phacelia tanacetifolia Benth.
(Thorup-Kristensen 2001; Sapkota et al. 2012; Kanders
et al. 2017). The objectives of our study were to evaluate
(i) early root development, root system traits and how
these relate to N immobilisation by catch crops and (ii)
the effects of N addition on these root traits and catch
crop immobilisation capacity. Finally, (iii) we deter-
mined the role of soil microorganisms in N immobilisa-
tion in catch crop systems with and without N addition.

Materials and methods

Plant growth and N treatments

Seeds of Raphanus sativus L. ssp. oleiformis (oil rad-
ish), Brassica rapa ssp. oleifera L. (winter turnip rape),
and Phacelia tanacetifolia Benth. (hereafter referred to
by their generic name alone) were incubated on wet
filter paper in aluminium trays and placed in closed
plastic bags in the dark at room temperature. After 3 d,
five seedlings of the same plant species were transferred
into 7 L pots (top diameter 20 cm; bottom diameter
16 cm; height 27 cm) filled with a loamy sand soil taken
from an agricultural field with a winter cereal and silage
maize dominated crop rotation. Pots were filled until
24 cm height resulting in, on average, 6.8 kg dry soil
mass and a bulk density of 1.11 g cm−3. Soil was
collected in September and additionally in late October
with oilseed radish on the field, and homogenised by
sieving at 1 cm. One pot of each treatment received soil
collected in October mixed into the top 10 cm of the soil,
except for the fallow treatments for which this was done
for two pots. Three N levels were applied to each plant
species: 0, 40 and 80 kg N ha−1 by adding a calcium
ammonium nitrate (27% N, w:w) solution with the
given amounts as a single dose on the surface soil.
Background NO3

--N and NH4
+-N levels were 10.8 and

0.6 μg g−1, respectively. For NO3
--N, the levels in-

creased to 24.1 and 64.5 μg g−1 in the top soil layer
with addition of 40 and 80 kg N ha−1, respectively.
NH4

+-N levels were 0.6 and 4.0 μg g−1 with addition
of 40 and 80 kg N ha−1, respectively. Plants were grown
in the greenhouse for a subsequent 39 d at around 25°C
during the 14 h light period (approximately 105 μmol
PARm−2 s−2 at pot level) and 18°C during the 10 h dark
period. Soil was covered with plastic foil with holes for
the plants to grow through, and kept at 60–70% of its
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water holding capacity bywatering the pots according to
their weight loss every 2–3 d. Every species-fertilizer
combination and pots without plants (fallow), which
were used as control, were implemented in five repli-
cates each.

Harvest

After 39 d, the shoots of the plants were cut off at the
base, weighed and dried at 60°C for at least 72 h after
which dry weight was determined. Roots accumulated
at the bottom of the pots were removed and the soil
columns were cut horizontally into two parts at 11 cm
from the top to divide the top from the bottom soil layer.
Approximately 30 g of soil was sampled from the centre
of the lower half of the top soil layer, and around 20 g of
soil was sampled from the centre of the lower half of the
bottom soil layer. The samples were stored in closed
plastic bags at 4°C until further analysis (see plant and
soil analyses). Roots were washed out from the two soil
layers using tap water. Taproots from Raphanus and
Brassicawere removed from the root samples (Phacelia
did not have taproots). The remaining washed roots
were stained for at least 24 h in a 0.035% neutral red
solution with 70% ethanol after which root length of all
three plant species was determined as described by
Bouma et al. (2000). In short, a subsample was taken,
spread out in water in a transparent, plastic tray, and
scanned at 400 dpi on a flatbed scanner with two-sided
lighting system (EPSON Expression 11000XL, Seiko
Epson Corporation, Suwa, Japan). Root length was
determined using image analysis software (WinRhizo,
Régent Instruments Inc., Quebec, Canada), and dry
weight of the root subsample was determined based on
which the specific root length (SRL) was calculated.

Plant and soil analyses

Based on dry weight, one representative shoot per pot
was ground (Retsch ZM 200 centrifugal mill at
0.25 mm and Retsch MM 200 mixer mill) after which
total shoot N was determined (Elemental Analyzer
NA1500, Thermo Scientific, Waltham, MA, USA).
Total root N was determined similarly, but with the
distinction that tissue from a follow-up experiment
with the same setup and comparable results was used.
Root N in the current experiment was then calculated
based on shoot N times the root:shoot N ratio of the
species in the follow-up experiment.

Microbial biomass C and N of the soil samples taken
at harvest were determined by chloroform-fumigation
extraction as described by Brookes et al. (1985) and
Vance et al. (1987). In short, 10 g fresh root-free soil
was fumigated for 24 h at 25°C with ethanol-free chlo-
roform. Following fumigant removal, soil was extracted
with 40 mL 0.5 M K2SO4 by shaking for 30 min on a
horizontal shaker at 200 rpm and collecting the super-
natant after filtration. Next, organic C and total N were
determined in the supernatant (multi N/C 2100 with
Autosampler APG 60, Analytik Jena AG, Jena, Germa-
ny). During fumigation, 10 g of non-fumigated fresh soil
was extracted as well, and organic C and total N were
determined similarly. In addition, NO3

−-N and NH4
+-N

concentrations in the supernatant of the non-fumigated
extracted soil was estimated using an AutoAnalyzer 3
HR (SEAL Analytical GmbH, Norderstedt, Germany).

Microbial C biomass was then calculated as EC / kEC,
where Ec = (organic C extracted from fumigated
soil)-(organic C extracted from non-fumigated soil)
and kEC = 0.45 (Wu et al. 1990). Microbial N biomass
was calculated as EN / kEN, where EN = (total N extract-
ed from fumigated soil)-(total N extracted from non-
fumigated soil) and kEN = 0.54 (Brookes et al. 1985;
Joergensen and Mueller 1996). Dissolved organic C
(DOC) was defined as the extractable organic C from
the non-fumigated sample extracted with 0.5 M K2SO4.
Likewise, dissolved organic N (DON) was defined as
the difference between total extractable N and extract-
able inorganic N (NO3

− +NO2
− +NH4

+) (Jones et al.
2004).

Calculations and statistics

Recovery efficiency (RE, i.e. fertilizer uptake efficien-
cy) was calculated as the difference between shoot N
(mg pot−1) of the fertilized treatment (40 and 80 kg N
ha−1) and the unfertilized treatment (0 kg N ha−1) as a
percentage of the added fertilizer (Baligar et al. 2001).
Fertilizer uptake efficiency including the N in roots
(REsr%; s = shoot, r = root) was calculated as the differ-
ence between N in shoot and root biomass of fertilized
treatments (40 and 80 kg N ha−1) and the unfertilized
treatments (0 kg N ha−1) in relation to the added
fertilizer.

All statistical analyses were performed in R (R Core
Team 2016) using the NLME (Pinheiro et al. 2014) and
MULTCOMP packages (Hothorn et al. 2008). Root
length and root dry weight were determined per pot
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and divided by the number of plants in the pot. All
parameters were analysed as dependent variables in a
two-way type III ANOVA with catch crop species
(Raphanus, Brassica, Phacelia, fallow) and N level (0,
40, 80 N ha−1) as fixed factors. Soil collection (Septem-
ber, late October) was added as a random factor to avoid
any potential effects resulting from the two soil batches.
To explore responses of the three plant species and
responses in pots without plants, data was split per plant
species and a one-way type III ANOVAwas performed
withN level as fixed factor and soil collection as random
factor, followed by a Tukey HSD test. To meet assump-
tions of ANOVA, data were log or square root trans-
formed where necessary. In case of violation of homo-
geneity of variance, the data was subject to weighted
analysis according to Zuur et al. (2009).

Results

Biomass effects of N addition

Three commonly cultivated catch crops were grown
with addition of 0, 40 and 80 kg N ha−1. A significant
interaction between catch crop species and N addition
occurred on aboveground biomass (Table 1). For
Raphanus, N addition resulted in a significantly higher
shoot dry weight of, on average, 40% without a differ-
ence between 40 and 80 kg N ha−1 (Fig. 1). For Bras-
sica, the addition of 40 kg ha−1 N did, however, not
improve shoot growth, while 80 kg N ha−1 did with
33%. In contrast to these two species, N addition did not

significantly affect shoot biomass of Phacelia at all.
Contrary to aboveground biomass, no interaction oc-
curred for root biomass in the top 11 cm of the soil. In
the bottom 11 cm this interaction was, however, found
(Table 1). Root biomass of Raphanus in this layer was
not affected by N addition, while root biomass of both
Brassica and Phacelia was. Brassica produced signifi-
cantly less roots when 40 kg N ha−1 was added com-
pared to 80 kg ha−1 N, and Phacelia significantly less
with the addition of 80 kg ha−1 N compared to the two
other N treatments (Fig. 1). Root distribution between
the top and bottom part of the soil was only slightly
affected. The top:bottom ratio of root biomass showed
an increase with increasing N addition for Raphanus, for
Brassica this ratio was significantly higher with 40 kg N
ha−1 added compared to 80 N ha−1 and for Phacelia this
ratio was not significantly affected (Fig. S1). In addition,
root:shoot ratios were not significantly different among
the catch crop species nor affected by N addition
(Table 1).

Shoot N concentration was not significantly affected
by N addition, and instead, appeared to be most strongly
affected by catch crop species (Table 2). Phacelia had a
significantly higher N concentration of 47 mg g−1 com-
pared to 21 mg g−1 in Brassica and 26 mg g−1 in
Raphanus (Fig. 2I–K). The N stored in the aboveground
biomass of Brassica at 80 kg N was only twice as high
compared to Phacelia and on the same level for
Raphanus. As a consequence, Brassica and Raphanus
always took up comparable amounts of N at the three
fertilizer levels with highest amounts at 80 kg N, even
though differences in aboveground biomass were

Table 1 ANOVA results describing the effects of catch crop growth and nitrogen (N) addition on shoot and root growth, root: shoot ratio
and specific root length (SRL)

Shoot biomass Root biomass Root:shoot ratio SRL

Top Bottom Top Bottom

Effect df F P≤ F P≤ F P≤ F P≤ F P≤ F P≤

Catch crop 2 10.32 <0.001 8.36 0.0011 5.40 0.009 3.26 0.0504 55.05 <0.001 27.01 <0.001

N 2 6.76 0.003 0.21 0.8077 1.55 0.225 0.65 0.5283 3.29 0.049 3.04 0.061

Catch crop x N 4 4.19 0.011 1.92 0.1284 4.01 0.009 0.33 0.8577 0.75 0.567 1.49 0.228

Root biomass and SRL were determined in both the top 11 cm and the bottom 11 cm of the soil column. Catch crop and N are fixed factors
and soil collection is a random factor. Catch crop consists of four levels (fallow, Brassica, Phacelia, Raphanus), N out of three (0 N, 40 N,
80 N) and soil collection of two (Sept, Oct). Data on root biomass in the bottom layer and data on root:shoot ratios were sqrt-transformed.
Bold values represent significant values of P < 0.05

df, degrees of freedom
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detected between the two species at 0 and 80 kg N
(Fig. 4). This effect was not detected in the root biomass,
where the N concentration was neither affected by plant

species nor by N fertilizer addition, and was on average
lower than in the shoot (Fig. 2L–N, Table 1). In contrast
to the N concentrations, the C concentrations in

Fig. 1 Shoot and root dry weight
per plant of the three catch crop
species with addition of 0 (dark
grey), 40 (light grey) or 80
(medium grey) kg N ha−1. Root
dry weight is given in both the top
11 cm (dark bars) and bottom
11 cm of the column (light bars).
Bars represent means ± SE; n = 5.
Different letters within species
indicate significant differences
(P < 0.05). Note that shoot and
root y-axes differ in range

554 Plant Soil (2018) 423:549–562

Table 2 ANOVA results describing the effects of catch crop growth and nitrogen (N) addition on residual nitrate (NO3
-) in the soil, shoot

and root N content, and soil microbial biomass N

NO3
− soil Shoot N Root N Microbial N

Top Bottom Top Bottom

Effect df F P≤ F P≤ F P≤ F P≤ F P≤ F P≤

Catch crop 2 41.72 <0.001 33.25 <0.001 20.71 <0.001 3.25 <0.001 3.17 0.034 0.81 0.500

N 2 6.05 0.005 5.38 0.009 0.78 0.467 0.40 0.665 1.83 0.173 1.68 0.203

Catch crop x N 4 3.65 0.005 3.83 0.005 0.18 0.945 0.86 0.795 1.71 0.143 2.34 0.056

NO3
− and microbial N were determined in both the top 11 cm and the bottom 11 cm of the soil column. Catch crop and N are fixed factors

and soil collection is a random factor. Catch crop consists of four levels (fallow, Brassica, Phacelia, Raphanus), N out of three (0 N, 40 N,
80 N) and soil collection of two (Sept, Oct). NO3

− in both the top and bottom soil and top microbial N were log-transformed and weighted.
Bottom microbial N and shoot N were log-transformed. Bold values represent significant values of P < 0.05

df, degrees of freedom



Phaceliawere significantly lower compared to Brassica
and Raphanus (data not shown). Together with the
higher shoot N concentration of Phacelia, this resulted
in a lower C:N ratio of 7.8 compared to 19.7 and 16.0 in
Brassica and Raphanus, respectively (Table S1). Fertil-
izer addition did not significantly affect C:N shoot ra-
tio’s (Table S1).

Effects of N addition on specific root length

In both, the top and bottom 11 cm of the soil, SRL
was mainly affected by the catch crop species and
only little by N addition in the top 11 cm (Table 1).
Yet, Raphanus and Brassica showed a slight de-
crease in SRL with increasing N addition in the
top layer (Fig. 3). The same pattern occurred for
all three plant species in the bottom 11 cm with a

significantly lower SRL for Raphanus with the ad-
dition of 40 and 80 kg N ha−1 than with 0 kg N ha−1

added and for Brassica a significantly lower SRL in
the 80 kg N ha−1 treatment than without N addition
(Table 1).

Catch crops and residual inorganic N

Addition of N clearly resulted in different growth
responses of the three catch crop species, which
raises the question whether this also affected the
amount of N that remained in the soil. Catch crop
growth resulted in an overall decrease of, on aver-
age, 85 and 81% of residual NO3

− in the top and
the bottom soil layer, respectively (Fig. 2A–D). As
expected, the level of NO3

− left in both soil layers
was significantly affected by the amount of N

Fig. 2 Residual nitrate (NO3
−; A–D), microbial biomass nitrogen

(N; E–H) and catch crop shoot N (I–K) and root N content (L–N)
with the addition of 0 (dark grey), 40 (light grey) or 80 (medium
grey) kg N ha−1 for the three catch crops. Residual NO3

− and

microbial N are also given for the fallow treatment, and were
measured in both the top 11 cm and the bottom 11 cm of the soil
column. Bars represent means ± SE; n = 3–5. Different letters
within species indicate significant differences (P < 0.05)
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added (Table 2). However, effects were treatment
specific. Treatments without catch crops showed an
increase in residual NO3

− with increasing N addi-
tion. The same pattern occurred for soil where
Phacelia was grown, but not for Raphanus and
Brassica (Fig. 2B–D). For Phacelia, the addition
of 80 kg N ha−1 resulted in significantly more
NO3

− left in the top soil layer than when no or
40 kg N ha−1 was added. This pattern also occurred
in the bottom layer, but only the difference between
0 and 80 kg N ha−1 was statistically significant
(Fig. 2C). Brassica, on the other hand, left slightly
less NO3

− in both the top and bottom layer with the
addition of 40 kg N ha−1 compared to the other two
N treatments (Fig. 2B).

Microbial N immobilisation

A decrease in residual N in the soil is expected to
occur largely via plant N uptake and incorporation
in the above-ground plant parts. However, besides
catch crops, microbes may also immobilise N. In
the top 11 cm, microbial N immobilisation was
only significantly affected by catch crop growth
and not N addition (Table 2). Here, catch crop
growth increased microbial N biomass by about
55% (Fig. 2E–H). In the bottom 11 cm, no such
effect was found (Table 2; Fig. 2E–H).

The average amount of N in different soil
pools, namely microbial N, inorganic N and ex-
tractable organic N (DON), was calculated for all

Fig. 3 Specific root length (SRL)
in the top 11 cm (top panel) and
bottom 11 cm (lower panel) of the
soil for the three catch crop
species with addition of 0 (dark
grey), 40 (light grey) or 80
(medium grey) kg N ha−1. Bars
represent means ± SE; n = 5.
Different letters within species
indicate significant differences
(P < 0.05)

Fig. 4 Nitrogen (N) distribution
(mg pot−1) in fallow and three
catch crop plant-soil systems with
0, 40 and 80 kg N ha−1 added.
Bars represent means; n = 5. For
figure readability, error bars are
not shown. For variability of data
and statistics, see Figs. 1 and 2
and Tables 1 and 2
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treatments (Fig. 4). The amount of inorganic N in
the soil decreased by, on average, 80% when catch
crops were present. Not much difference occurred
between the three catch crop species, except for
Phacelia at 80 kg N ha−1 where substantially more
inorganic N was left in the soil. As expected, a
major part of the residual N was immobilised in
the catch crop shoot. More striking is the 1.5
times higher microbial N biomass in the soil for
all three catch crops compared to the fallow treat-
ment. Despite this increase in microbial N, micro-
bial biomass C remained unaffected by catch crop
presence (Table S1; Fig. S2). Along with the mi-
crobial N increase and the decrease of inorganic
N, we observed a substantial decrease of DON
when catch crops were present, but no fertilizer
effect (Fig. 4). This was less pronounced in
Phacelia at 80 kg N ha−1, where also the inorgan-
ic N levels remained higher and the microbial
biomass N did not increase to the same extent as
in the other treatments. In the fallow treatment, on
the other hand, DON along with inorganic N was
slightly enhanced after fertilizer addition. At the
same time, the microbial biomass N was slightly
lower compared to the 0 kg N ha−1 treatment (Fig.
4). Dissolved organic C (DOC), on the other hand,
was hardly influenced by catch crop presence and
fertilizer addition (Table S1; Fig. S3).

Fertilizer uptake efficiency

Depending on the crop species and the amount of
fertilizer, fertilizer addition boosted early plant de-
velopment (Fig. 1). This, however, raises the ques-
tion whether the fertilizer uptake efficiency (RE),
the difference in N uptake in the fertilized com-
pared to the non-fertilized treatments as a percent-
age of the added fertilizer, is high enough to
compensate for the added mineral N. Fertilizer
uptake efficiency based on shoot N uptake (REs)
was 35 and 44% for Raphanus at 40 and 80 kg N,
respectively, whereas these values were 3 and 36%
for Brassica, and −8 and −5% for Phacelia. For
the latter species, this indicates no additional N
uptake from the added fertilizer. Due to the small
root N contribution to total plant N, considering
root N in addition to shoot N hardly increased
fertilizer uptake efficiency (data not shown).

Discussion

Nitrogen retention capacity of catch crops is species
specific

Catch crop cultivation aims at reducing N leaching via
immobilisation of residual N in plant material. High N
uptake is therefore of critical importance for successful
catch crop species. Moreover, an early developing, deep
root system with high root density has previously been
shown to aid in catch crop take up of leachable N from
deeper soil layers (Thorup-Kristensen 2001). Further-
more, slow N release from catch crop residues reduces
N leaching and gaseous N losses in late winter and/or
early spring. N from plant tissue is mineralised slower
with high C:N ratios due to stronger physical protection
(Puget and Drinkwater 2001; Bodner et al. 2011), indi-
cating that high C:N ratios of the plant tissue is another
useful catch crop trait (Wendling et al. 2016).

In our experiment, all catch crops successfully re-
duced residual NO3

− by 81–85% as previously observed
by others (Thorup-Kristensen 2001; Tribouillois et al.
2015), even at high N levels. Only Phacelia at 80 kg N
ha−1 was not able to cope with the high N loads and did
not reduce NO3

− levels. Phacelia plants even had a
lower biomass development, potentially due to toxic
levels of ammonium at 80 kg N ha−1 (reviewed by
Esteban et al. 2016). Phacelia may thus be a species
that cannot handle very high N concentrations.

Overall, our study shows species-specific N retention
capacities, comparable to what Wendling et al. (2016)
found. As biomass partitioning above- and below-
ground, and N concentrations in shoot material varied
between species, the N retention capacity is a function
of above- and belowground biomass and the respective
N concentration. Phacelia, even though developing less
biomass, removed larger amounts of N than would be
expected based on biomass alone, due to high N con-
centrations in the shoot tissue. This is, however, in
contrast to Wendling et al. (2016), where the shoot N
concentration in Phacelia was not higher compared to
Raphanus or Brassica. Root N immobilisation in our
experiment was low, it can, however, be expected, that
this process contributes much stronger to the N retention
capacity under field conditions, where root biomass is
often larger (Kanders et al. 2017). Moreover, in a pre-
vious study we showed that N rhizodeposition contrib-
uted substantially to the N retention capacity of catch
crops (Kanders et al. 2017), indicating that these
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capacities may thus be even higher than shown here, if
rhizodeposits were included.

Shoot biomass mineralisation and the subsequent N
release from plant tissue, is expected to occur faster in
Phacelia compared to Raphanus and Brassica due to its
high C:N ratio. Brassica is expected to be mineralised
most slowly and is therefore expected to not only re-
move overall large amounts of N, but to also have a
longer retention of N in its biomass reducing N losses
late in its growing season, compared to Raphanus and
especially Phacelia.

Aboveground performance of the catch crops did not
reflect belowground effects. Root biomass of all species
was not much affected by N addition and no significant
effect on root:shoot ratio was observed, which may be
related to the already high N concentrations in the initial
soil. The addition of N affected root distribution of
Raphanus and, to a lesser extent, of Brassica, indicating
a decrease in root biomass in the lower layer of the pots
with N addition. Since fertilizer is typically added on or
into the top soil, N addition may thus result in catch
crops that develop a more extensive root system in the
top soil and less in the deeper soil layers as a response to
the high nutrient conditions (e.g. Hackett 1972; Drew
1975; Hodge 2004; Visser et al. 2008; in ‘t Zandt et al.
2015). In turn, this may result in higher N losses, be-
cause the residual N can leach more quickly away from
the rooting zone of the catch crops. Thorup-Kristensen
and Rasmussen (2015) indeed showed a strong correla-
tion between deep rooting and total N immobilisation by
the catch crop. Moreover, the observed trend of a de-
creasing specific root length with increasing N in the
bottom soil layer for both Raphanus and Brassica could
indicate a less finely branched root system with increas-
ing N addition. Fine rooting is another important catch
crop trait as it is strongly linked to high N uptake (e.g.
Jackson et al. 1997).

Fertilizer addition increases risk of N losses

N fertilizer addition indeed boosted early plant develop-
ment despite the already high residual N in the agricul-
tural soil. Nevertheless, from a resource use efficiency
point of view, it is not recommended to fertilize catch
crops, as fertilizer use efficiencies were in all cases far
below 50%. For Phacelia, fertilizer use efficiencies
were even negative and the plants showed a decreased
growth with the highest N addition. Phacelia should,
therefore, not be grown under these very high N

availabilities and no additional fertilizers should be
added. Although it can be assumed that over a longer
period of time larger percentages of the added fertilizer
would be taken up, more than 50% remains in the soil
and becomes prone to leaching, since it is not
immobilised by the catch crops’ early growing days.
More so, under field conditions where temporal anoxic
conditions after heavy rainfall events are likely, addi-
tional N in the top soil can contribute to N losses as the
potent greenhouse gas N2O.

Furthermore, no clear effect of N addition on biomass
partitioning was observed. This questions the applica-
bility of the optimal resource partitioning theory to
conditions of high nutrient availability such as intensive
arable systems and in particular catch crop systems.
Since N is plentiful available, plants may simply not
have to invest in roots as much as under N limiting
conditions, regardless of the addition of even more N,
and do not show the expected, lowered root:shoot ratio
with increasing N availability (e.g. Levin et al. 1989;
Ågren and Franklin 2003; Bonifas et al. 2005).

Catch crops trigger microbial N immobilisation

Microbial N increased with catch crop presence. This
increase indicates that soil microorganisms were C lim-
ited under fallow conditions, which was counteracted by
the presence of catch crops. Here, microorganisms most
likely made use of rhizodeposits, such as root exudates,
lysates and other easily available C sources released
from the catch crop roots, which are then used as an
energy source to assimilate inorganic N (Farrell et al.
2014; Lloyd et al. 2016). As this inorganic N was
plentiful available, the microorganisms did not rely on
mineralisation of soil organic matter for N mining (Zang
et al. 2016). This could indicate that under high N
conditions, competition between soil microorganisms
and plant roots might be limited (Schimel and Bennett
2004), while under lower N availability, competition
may be high (e.g. Liu et al. 2016). In other words, due
to a high resource availability catch crops stimulated
microbial N immobilisation by providing them with
easily available C sources.

At the same time, microbial biomass C did not in-
crease with catch crop presence, which either reflects no
growth or a fast turnover of the microbial biomass.
Previous studies showed slight to strong increases of
microbial biomass C when plants were present (Müller
et al. 2009; Wichern et al. 2011), whereas other studies
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showed no change in the microbial biomass C and N in
soil, even though the proportion of the microbial bio-
mass derived from plant roots increased (Wichern et al.
2007a, 2007b). This highlights the use of root derived C
and N by soil microorganisms. The incorporation of
plant derived C and N without an increase of the micro-
bial biomass C, indicates an increased turnover of mi-
crobial cells, with part of the immobilised N being
released as inorganic N and another part of the
immobilised N being stored in microbial residues. Fu-
ture studies have to shed further light on how plant roots
influence microbial biomass C and N development at
high and low nutrient availability, throughout the
growth period of plants, and 15N labelling studies may
help to elucidate in which soil pools N fertilizers end up.
This is particularly important in catch crop systems as
the microbial immobilised N is usually not accounted
for, but can be a substantial pool in the soil. Moreover,
since this N will be re-mineralised at some stage and can
cause positive nutrition effects for a subsequent crop or
negative effects on the environment due to N leaching or
gaseous N losses, it is crucial to improve our knowledge
onmicrobial turnover processes and re-mineralisation of
these microbial residues and the effect of plants on this.

Our results indicate a positive plant-soil feedback in
catch crop systems caused by the release of C as a
limiting resource for soil microorganisms (Fig. 5). The
plentiful available N can be used by both plants and
microorganisms at limited competition. Plants make use

of inorganic N either present in the soil as residual
inorganic N, added as fertilizer N or mineralized by soil
microorganisms. The plants most likely make no or only
limited use of DON as a source of N. On the other hand,
the soil microorganisms make use of DON and other
organic N sources in addition to inorganic N. These
findings are in contrast to an earlier study (Jones et al.
2004), where the soil microbial biomass used low mo-
lecular weight DON as a source of C. In our experiment,
plants provided sufficient amounts of C input, reducing
the necessity for microorganisms to mineralise DON for
C capturing. Furthermore, plants use the assimilated N
mainly to develop shoot biomass and translocate parts of
their C-assimilates below ground, where especially eas-
ily available C is used as energy source by the soil
microorganisms (Paterson 2003; Jones et al. 2009).
Consequently, microbial biomass N increases (Fig. 5;
indicated by dotted frame), whereas the inorganic N and
the DON pools show a net decrease (Fig. 5; indicated by
dotted frames).Most likely, the microbial residues partly
increase with increasing microbial N and microbial
turnover. An increase in microbial N followed by a
synchronous decrease of DON has been observed be-
fore, however, in the absence of plants (Wichern et al.
2004) indicating that DON was used as a N source, and
potentially at the same time as a C source. Plant pres-
ence, the release of C from roots and the subsequent use
of this C as an energy source by soil microorganisms is a
well-known phenomenon (e.g. Paterson et al. 2007;

Fig. 5 Proposed changes in
nitrogen (N) and carbon (C)
fluxes (red and green arrows,
respectively) between different N
and C pools (boxes) in high N
soils with catch crops present
compared to high N soils without
catch crops. Arrow thickness
indicates flux size and dotted
boxes indicate pool increase or
decrease with black arrows
illustrating the direction
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Drigo et al. 2010; De Deyn et al. 2011; Pausch et al.
2016). Likewise, N released from roots in the process of
N rhizodeposition, can be used as N source by soil
microorganisms (Mayer et al. 2003; Wichern et al.
2007a, 2007b; Hupe et al. 2016) and has to be consid-
ered in future studies to elucidate the effect of catch
crops on C and N assimilation by soil microorganisms.

Conclusions

Our study shows species-specific responses of catch
crops to N availability with little root plasticity in re-
sponse to the N added. It highlights that aboveground
changes are not related to root system alterations in a
nutrient-rich environment. Therefore, N fertilization
should depend on the catch crop species and the residual
N levels in the soil, and thus the legacy of the subse-
quent main crops. Since fertilizer uptake efficiencies are
low, N addition should be avoided altogether in agricul-
tural systems with high residual N levels to not further
increase N losses. Moreover, N immobilisation by soil
microorganisms, rhizodeposition, which is triggered by
C released from roots, is an important pathway of N
removal when N is plentiful available. The extent of this
plant-soil feedback has to be evaluated in future studies.
We conclude that N immobilisation by soil microorgan-
isms has to be considered when assessing the effect of
catch crops on residual N as an important ecosystem
service of plant-soil-microbial systems.

Acknowledgements We would like to thank Alison Arico, Da-
vid Lehnert andMattis Höft for practical assistance, ConorWatson
and Paul van der Ven for sample measurements, Max Freericks,
Julia Gorris and Franz Kuhnigk for their great support, Natalie
Oram for statistical help, and Eric Visser for very valuable com-
ments on the manuscript.

References

Ågren GI, Franklin O (2003) Root: shoot ratios, optimization and
nitrogen productivity. Ann Bot 92:795–800. https://doi.
org/10.1093/aob/mcg203

Baligar VC, Fageria NK, He ZL (2001) Nutrient use efficiency in
plants. Commun Soil Sci Plant Anal 32:921–950. https://doi.
org/10.1081/CSS-100104098

Belter PR, Cahill JF, McNickle GG et al (2015) Disentangling root
system responses to neighbours: identification of novel root
behavioural strategies. AoB Plants 7:1–12. https://doi.
org/10.1093/aobpla/plu066

Bennett JA, Cahill JF (2016) Fungal effects on plant-plant inter-
actions contribute to grassland plant abundances: evidence
from the field. J Ecol 104:755–764. https://doi.org/10.1111
/1365-2745.12558

Bodner G, Kas te l l i z A, Liebhard P, e t a l (2011)
Wurzeleigenschaften von Zwischenfrüchten und ihre
agroökologische Funktion. 1 Tagung der Österreichischen
Gesellschaft für Wurzelforsch 67–74

Bonifas KD, Walters DT, Cassman KG, Lindquist JL (2005)
Nitrogen supply affects root:shoot ratio in corn and velvetleaf
(Abutilon Theophrasti ). Weed Sci 53:670–675. https://doi.
org/10.1614/WS-05-002R.1

Bouma TJ, Nielsen KL, Koutstaal B (2000) Sample preparation
and scanning protocol for computerised analysis of root
length and diameter. Plant Soil 218:185–196. https://doi.
org/10.1023/A:1014905104017

Brookes PC, Landman A, Pruden G, Jenkinson DS (1985)
Chloroform fumigation and the release of soil nitrogen: a
rapid direct extraction method to measure microbial biomass
nitrogen in soil. Soil Biol Biochem 17:837–842. https://doi.
org/10.1016/0038-0717(85)90144-0

Cahill JF,McNickle GG (2011) The behavioral ecology of nutrient
foraging by plants. Annu Rev Ecol Evol Syst 42:289–311.
https://doi.org/10.1146/annurev-ecolsys-102710-145006

Constantin J,Mary B, Laurent F et al (2010) Effects of catch crops,
no till and reduced nitrogen fertilization on nitrogen leaching
and balance in three long-term experiments. Agric Ecosyst
Environ 135:268–278. https: //doi .org/10.1016/j.
agee.2009.10.005

De Deyn GB, Quirk H, Oakley S et al (2011) Rapid transfer of
photosynthetic carbon through the plant-soil system in dif-
ferently managed species-rich grasslands. Biogeosciences 8:
1131–1139. https://doi.org/10.5194/bg-8-1131-2011

DrewM (1975) Comparison of the effects of a localised supply of
phosphate, nitrate, ammonium and potassium on the growth
of the seminal root system, and the shoot, in barley. New
Phytol 75:479–490. https://doi.org/10.1111/j.1469-
8137.1975.tb01409.x

Drigo B, Pijl AS, Duyts H et al (2010) Shifting carbon flow from
roots into associated microbial communities in response to
elevated atmospheric CO2. Proc Natl Acad Sci 107:10938–
10942. https://doi.org/10.1073/pnas.0912421107

Esteban R, Ariz I, Cruz C, Moran JF (2016) Review: mechanisms
of ammonium toxicity and the quest for tolerance. Plant Sci
248:92–101. https://doi.org/10.1016/j.plantsci.2016.04.008

Eurostat (2012) Agri-environmental indicator - nitrate pollution of
water. http://ec.europa.eu/eurostat/statistics-explained/index.
php/Agri-environmental_indicator_-_nitrate_pollution_of_
water#Key_messages. Accessed 24 Aug 2017

Farrell M, Prendergast-Miller M, Jones DL et al (2014) Soil
microbial organic nitrogen uptake is regulated by carbon
availability. Soil Biol Biochem 77:261–267. https://doi.
org/10.1016/j.soilbio.2014.07.003

Fisk M, Santangelo S, Minick K (2015) Carbon mineralization is
promoted by phosphorus and reduced by nitrogen addition in
the organic horizon of northern hardwood forests. Soil Biol
Biochem 81:212–218. https:/ /doi.org/10.1016/j .
soilbio.2014.11.022

Good AG, Shrawat AK, Muench DG (2004) Can less yield more?
Is reducing nutrient input into the environment compatible

560 Plant Soil (2018) 423:549–562

https://doi.org/10.1093/aob/mcg203
https://doi.org/10.1093/aob/mcg203
https://doi.org/10.1081/CSS-100104098
https://doi.org/10.1081/CSS-100104098
https://doi.org/10.1093/aobpla/plu066
https://doi.org/10.1093/aobpla/plu066
https://doi.org/10.1111/1365-2745.12558
https://doi.org/10.1111/1365-2745.12558
https://doi.org/10.1614/WS-05-002R.1
https://doi.org/10.1614/WS-05-002R.1
https://doi.org/10.1023/A:1014905104017
https://doi.org/10.1023/A:1014905104017
https://doi.org/10.1016/0038-0717(85)90144-0
https://doi.org/10.1016/0038-0717(85)90144-0
https://doi.org/10.1146/annurev-ecolsys-102710-145006
https://doi.org/10.1016/j.agee.2009.10.005
https://doi.org/10.1016/j.agee.2009.10.005
https://doi.org/10.5194/bg-8-1131-2011
https://doi.org/10.1111/j.1469-8137.1975.tb01409.x
https://doi.org/10.1111/j.1469-8137.1975.tb01409.x
https://doi.org/10.1073/pnas.0912421107
https://doi.org/10.1016/j.plantsci.2016.04.008
http://ec.europa.eu/eurostat/statistics-explained/index.php/Agri-environmental_indicator_-_nitrate_pollution_of_water#Key_messages
http://ec.europa.eu/eurostat/statistics-explained/index.php/Agri-environmental_indicator_-_nitrate_pollution_of_water#Key_messages
http://ec.europa.eu/eurostat/statistics-explained/index.php/Agri-environmental_indicator_-_nitrate_pollution_of_water#Key_messages
https://doi.org/10.1016/j.soilbio.2014.07.003
https://doi.org/10.1016/j.soilbio.2014.07.003
https://doi.org/10.1016/j.soilbio.2014.11.022
https://doi.org/10.1016/j.soilbio.2014.11.022


with maintaining crop production? Trends Plant Sci 9:597–
605. https://doi.org/10.1016/j.tplants.2004.10.008

Gruber BD, Giehl RFH, Friedel S, von Wirén N (2013) Plasticity
of the Arabidopsis root system under nutrient deficiencies.
Plant Physiol 163:161–179. https://doi.org/10.1104
/pp.113.218453

Hackett C (1972) A method of applying nutrients locally to roots
under controlled conditions, and some morphological effects
of locally applied nitrate on the branching of wheat roots.
Aust J Biol Sci 25:1169–1180

Harrison KA, Bol R, Bardgett RD (2008) Do plant species with
different growth strategies vary in their ability to compete
with soil microbes for chemical forms of nitrogen? Soil Biol
Biochem 40:228–237. https:/ /doi .org/10.1016/j .
soilbio.2007.08.004

Hodge A (2004) The plastic plant: root responses to heterogeneous
supplies of nutrients. New Phytol 162:9–24. https://doi.
org/10.1111/j.1469-8137.2004.01015.x

Hodge A (2009) Root decisions. Plant Cell Environ 32:628–640.
https://doi.org/10.1111/j.1365-3040.2008.01891.x

Hodge A, Robinson D, Griffiths BS, Fitter AH (1999) Why plants
bother: root proliferation results in increased nitrogen capture
from an organic patch when two grasses compete. Plant Cell
Environ 22:811–820. https://doi.org/10.1046/j.1365-
3040.1999.00454.x

Hodge A, Berta G, Doussan C et al (2009) Plant root growth,
architecture and function. Plant Soil 321:153–187.
https://doi.org/10.1007/s11104-009-9929-9

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in
general parametric models. Biom J 50:346–363. https://doi.
org/10.1002/bimj.200810425

Hupe A, Schulz H, Bruns C et al (2016) Digging in the dirt -
inadequacy of belowground plant biomass quantification.
Soil Biol Biochem 96:137–144. https://doi.org/10.1016/j.
soilbio.2016.01.014

in ‘t Zandt D, Le Marié C, Kirchgessner N et al (2015) High-
resolution quantification of root dynamics in split-nutrient
rhizoslides reveals rapid and strong proliferation of maize
roots in response to local high nitrogen. J Exp Bot 66:5507–
5517. https://doi.org/10.1093/jxb/erv307

Jackson LE, Schimel JP, Firestone MK (1989) Short-term
partitioning of ammonium and nitrate between plants and
microbes in an annual grassland. Soil Biol Biochem 21:
409–415. https://doi.org/10.1016/0038-0717(89)90152-1

Jackson RB, Mooney HA, Schulze ED (1997) A global budget for
fine root biomass, surface area, and nutrient contents. Proc
Natl Acad Sci U S A 94:7362–7366. https://doi.org/10.1073
/pnas.94.14.7362

Jingguo W, Bakken LR (1997) Competition for nitrogen during
mineralization of plant residues in soil: microbial response to
C and N availability. Soil Biol Biochem 29:163–170.
https://doi.org/10.1016/S0038-0717(96)00292-1

Joergensen RG, Mueller T (1996) The fumigation-extraction
method to estimate soil microbial biomass: calibration of
the kEN value. Soil Biol Biochem 28:33–37. https://doi.
org/10.1016/0038-0717(95)00101-8

Jones DL, Shannon D, Murphy DV, Farrar J (2004) Role of
dissolved organic nitrogen (DON) in soil N cycling in grass-
land soils. Soil Biol Biochem 36:749–756. https://doi.
org/10.1016/j.soilbio.2004.01.003

Jones DL, Nguyen C, Finlay RD (2009) Carbon flow in the
rhizosphere: carbon trading at the soil-root interface. Plant
Soil 321:5–33. https://doi.org/10.1007/s11104-009-9925-0

Kanders MJ, Berendonk C, Fritz C, et al (2017) Catch crops store
more ni t rogen below-ground when considering
Rhizodeposits. Plant Soil 1–13. https://doi.org/10.1007
/s11104-017-3259-0

Kuzyakov Y, Xu X (2013) Competition between roots and micro-
organisms for nitrogen: mechanisms and ecological rele-
vance. New Phytol 198:656–669. https://doi.org/10.1111
/nph.12235

Levin SA, Mooney HA, Field C (1989) The dependence of plant
root: shoot ratios on internal nitrogen concentration. Ann Bot
64:71–75. https://doi.org/10.1093/oxfordjournals.aob.
a087810

Linkohr BI, Williamson LC, Fitter AH, Leyser HMO (2002)
Nitrate and phosphate availability and distribution have dif-
ferent effects on root system architecture of Arabidopsis.
Plant J 29:751–760. https://doi.org/10.1046/j.1365-313
X.2002.01251.x

Liu Q, Qiao N, Xu X et al (2016) Nitrogen acquisition by plants
and microorganisms in a temperate grassland. Sci Rep 6:
22642. https://doi.org/10.1038/srep22642

Lloyd DA, Ritz K, Paterson E, Kirk GJD (2016) Effects of soil
type and composition of rhizodeposits on rhizosphere prim-
ing phenomena. Soil Biol Biochem 103:512–521. https://doi.
org/10.1016/j.soilbio.2016.10.002

Lynch J (1998) The role of nutrient efficient crops in modern
agriculture. J Crop Prod 1:241–264. https://doi.org/10.1300
/J144v01n02_10

Mayer J, Buegger F, Jensen ES et al (2003) Estimating N
rhizodeposition of grain legumes using a 15N in situ stem
labelling method. Soil Biol Biochem 35:21–28. https://doi.
org/10.1016/S0038-0717(02)00212-2

McConnaughay KDM, Coleman JS (1999) Biomass allocation in
plants: ontogeny or optimality ? A test along three resource
gradients. Ecology 80:2581–2593. https://doi.org/10.1890
/0012-9658(1999)080[2581:BAIPOO]2.0.CO;2

Meier IC, Finzi AC, Phillips RP (2017) Root exudates increase N
availability by stimulating microbial turnover of fast-cycling
N pools. Soil Biol Biochem 106:119–128. https://doi.
org/10.1016/j.soilbio.2016.12.004

Müller E, Wildhagen H, Quintern M et al (2009) Spatial patterns
of soil biological and physical properties in a ridge tilled and
a ploughed Luvisol. Soil Tillage Res 105:88–95. https://doi.
org/10.1016/j.still.2009.05.011

Nacry P, Bouguyon E, Gojon A (2013) Nitrogen acquisition by
roots: physiological and developmental mechanisms ensur-
ing plant adaptation to a fluctuating resource. Plant Soil 370:
1–29. https://doi.org/10.1007/s11104-013-1645-9

Paterson E (2003) Importance of rhizodeposition in the coupling
of plant and microbial productivity. Eur Jounal. Soil Sci:741–
750. https://doi.org/10.1046/j.1365-2389.2003.00557.x

Paterson E, Gebbing T, Abel C et al (2007) Rhizodeposition
shapes rhizosphere microbial community structure in organic
soil. New Phytol 173:600–610. https://doi.org/10.1111
/j.1469-8137.2006.01931.x

Pausch J, Kramer S, Scharroba A et al (2016) Small but active -
pool size does not matter for carbon incorporation in below-
ground food webs. Funct Ecol 30:479–489. https://doi.
org/10.1111/1365-2435.12512

Plant Soil (2018) 423:549–562 561

https://doi.org/10.1016/j.tplants.2004.10.008
https://doi.org/10.1104/pp.113.218453
https://doi.org/10.1104/pp.113.218453
https://doi.org/10.1016/j.soilbio.2007.08.004
https://doi.org/10.1016/j.soilbio.2007.08.004
https://doi.org/10.1111/j.1469-8137.2004.01015.x
https://doi.org/10.1111/j.1469-8137.2004.01015.x
https://doi.org/10.1111/j.1365-3040.2008.01891.x
https://doi.org/10.1046/j.1365-3040.1999.00454.x
https://doi.org/10.1046/j.1365-3040.1999.00454.x
https://doi.org/10.1007/s11104-009-9929-9
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1016/j.soilbio.2016.01.014
https://doi.org/10.1016/j.soilbio.2016.01.014
https://doi.org/10.1093/jxb/erv307
https://doi.org/10.1016/0038-0717(89)90152-1
https://doi.org/10.1073/pnas.94.14.7362
https://doi.org/10.1073/pnas.94.14.7362
https://doi.org/10.1016/S0038-0717(96)00292-1
https://doi.org/10.1016/0038-0717(95)00101-8
https://doi.org/10.1016/0038-0717(95)00101-8
https://doi.org/10.1016/j.soilbio.2004.01.003
https://doi.org/10.1016/j.soilbio.2004.01.003
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1007/s11104-017-3259-0
https://doi.org/10.1007/s11104-017-3259-0
https://doi.org/10.1111/nph.12235
https://doi.org/10.1111/nph.12235
https://doi.org/10.1093/oxfordjournals.aob.a087810
https://doi.org/10.1093/oxfordjournals.aob.a087810
https://doi.org/10.1046/j.1365-313X.2002.01251.x
https://doi.org/10.1046/j.1365-313X.2002.01251.x
https://doi.org/10.1038/srep22642
https://doi.org/10.1016/j.soilbio.2016.10.002
https://doi.org/10.1016/j.soilbio.2016.10.002
https://doi.org/10.1300/J144v01n02_10
https://doi.org/10.1300/J144v01n02_10
https://doi.org/10.1016/S0038-0717(02)00212-2
https://doi.org/10.1016/S0038-0717(02)00212-2
https://doi.org/10.1890/0012-9658(1999)080%5B2581:BAIPOO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B2581:BAIPOO%5D2.0.CO;2
https://doi.org/10.1016/j.soilbio.2016.12.004
https://doi.org/10.1016/j.soilbio.2016.12.004
https://doi.org/10.1016/j.still.2009.05.011
https://doi.org/10.1016/j.still.2009.05.011
https://doi.org/10.1007/s11104-013-1645-9
https://doi.org/10.1046/j.1365-2389.2003.00557.x
https://doi.org/10.1111/j.1469-8137.2006.01931.x
https://doi.org/10.1111/j.1469-8137.2006.01931.x
https://doi.org/10.1111/1365-2435.12512
https://doi.org/10.1111/1365-2435.12512


Pinheiro J, Bates D, DebRoy S, Sarkar D RCT (2014) Nlme: linear
and nonlinear mixed effects models. R package version 3.1-
128. https://CRAN.R-project.org/package=nlme

Puget P, Drinkwater LE (2001) Short-term dynamics of root- and
shoot-derived carbon from a leguminous green manure. Soil
Sci Soc Am Proc 65:771–779. https://doi.org/10.2136
/sssaj2001.653771x

R Core Team (2016) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. https://www.R-project.org/

RobinsonD (1994) The resonses of plants to non-uniform supplies
of nutrients. New Phytol 127:635–674. https://doi.
org/10.1111/j.1469-8137.1994.tb02969.x

Sapkota TB, Askegaard M, Lægdsmand M, Olesen JE (2012)
Effects of catch crop type and root depth on nitrogen leaching
and yield of spring barley. Field Crop Res 125:129–138.
https://doi.org/10.1016/j.fcr.2011.09.009

Schimel JP, Bennett JB (2004)Nitrogenmineralization: challenges
of a changing paradigm. Ecology 85:591–602. https://doi.
org/10.1890/03-8024

Semchenko M, Saar S, Lepik A (2014) Plant root exudates medi-
ate neighbour recognition and trigger complex behavioural
changes. New Phytol 204:631–637. https://doi.org/10.1111
/nph.12930

Shamoot S,McDonaldL, BartholomewWV(1968)Rhizo-deposition
of organic debris in soil. Soil Sci Soc Am Proc 32:817–820.
https://doi.org/10.2136/sssaj1968.03615995003200060031x

Thorup-Kristensen K (2001) Are differences in root growth of
nitrogen catch crops important for their ability to reduce soil
nitrate-N concent, and how can this be measured? Plant Soil
230:185–195. https://doi.org/10.1023/A:1010306425468

Thorup-Kristensen K, Rasmussen C (2015) Identifying new deep-
rooted plant species suitable as undersown nitrogen catch
crop. J Soil Water Conserv 70:399–409. https://doi.
org/10.2489/jswc.70.6.399

Thorup-Kristensen K, Magid J, Jensen LS (2001) Catch crops and
green manures as biological tools in nitrogen management in
temperate zones. Adv Agron 79:227–302. https://doi.
org/10.1016/S0065-2113(02)79005-6

Tilman D, Cassman KG, Matson PA et al (2002) Agricultural
sustainability and intensive production practices. Nature
418:671–677. https://doi.org/10.1038/nature01014

Tonitto C, David MB, Drinkwater LE (2006) Replacing bare
fallows with cover crops in fertilizer-intensive cropping sys-
tems: a meta-analysis of crop yield and N dynamics. Agric
Ecosyst Environ 112:58–72. https://doi.org/10.1016/j.
agee.2005.07.003

Tribouillois H, Fort F, Cruz P et al (2015) A functional character-
isation of a wide range of cover crop species: growth and
nitrogen acquisition rates, leaf traits and ecological strategies.

PLoS One 10:1–17. https://doi.org/10.1371/journal.
pone.0122156

Vance CP (2001) Symbiotic nitrogen fixation and phosphorus
acquisition. Plant nutrition in a world of declining renewable
resources. Plant Physiol 127:390–397. https://doi.
org/10.1104/pp.010331

Vance ED, Brookes PC, Jenkinson DS (1987) An extraction
method for measuring soil microbial biomass C. Soil Biol
Biochem 19:703–707. https://doi.org/10.1016/0038-0717(87
)90052-6

Visser EJW, Bögemann GM, Smeets M et al (2008) Evidence that
ethylene signalling is not involved in selective root placement
by tobacco plants in response to nutrient-rich soil patches.
New Phytol 177:457–465. https://doi.org/10.1111/j.1469-
8137.2007.02256.x

WendlingM, Büchi L, Amossé C et al (2016) Influence of root and
leaf traits on the uptake of nutrients in cover crops. Plant Soil
409:419–434. https://doi.org/10.1007/s11104-016-2974-2

Wichern F, Lobe I, AmelungWet al (2004) Changes in amino acid
enantiomers and microbial performance in soils from a sub-
tropical mountain oasis in Oman abandoned for different
periods. Biol Fertil Soils 39:398–406. https://doi.
org/10.1007/s00374-004-0727-5

Wichern F, Mayer J, Joergensen RG, Müller T (2007a)
Rhizodeposition of C and N in peas and oats after 13C-15N
double labelling under field conditions. Soil Biol Biochem
39:2527–2537. https://doi.org/10.1016/j.soilbio.2007.04.022

Wichern F, Mayer J, Joergensen RG, Müller T (2007b) Release of
C and N from roots of peas and oats and their availability to
soil microorganisms. Soil Biol Biochem 39:2829–2839.
https://doi.org/10.1016/j.soilbio.2007.06.006

Wichern F, Eberhardt E, Mayer J et al (2008) Nitrogen
rhizodeposition in agricultural crops: methods, estimates
and future prospects. Soil Biol Biochem 40:30–48.
https://doi.org/10.1016/j.soilbio.2007.08.010

Wichern F, Andreeva D, Joergensen RG, Kuzyakov Y (2011)
Stem labeling results in different patterns of 14C
rhizorespiration and 15N distribution in plants compared to
natural assimilation pathways. J Plant Nutr Soil Sci 174:732–
741. https://doi.org/10.1002/jpln.201000206

Wu J, Joergensen RG, Pommerening B et al (1990) Measurement
of soil microbial biomass C by fumigation-extraction—an
automated procedure. Soil Biol Biochem 22:1167–1169.
https://doi.org/10.1016/0038-0717(90)90046-3

Zang H, Wang J, Kuzyakov Y (2016) N fertilization decreases soil
organic matter decomposition in the rhizosphere. Appl Soil
Ecol 108:47–53. https://doi.org/10.1016/j.apsoil.2016.07.021

Zuur AF, Ieno EN,Walker NJ et al (2009)Mixed effects models and
extensions in ecology with R. Springer-Verlag, New York

562 Plant Soil (2018) 423:549–562

https://CRAN.R-project.org/package=nlme
https://doi.org/10.2136/sssaj2001.653771x
https://doi.org/10.2136/sssaj2001.653771x
https://www.R-project.org/
https://doi.org/10.1111/j.1469-8137.1994.tb02969.x
https://doi.org/10.1111/j.1469-8137.1994.tb02969.x
https://doi.org/10.1016/j.fcr.2011.09.009
https://doi.org/10.1890/03-8024
https://doi.org/10.1890/03-8024
https://doi.org/10.1111/nph.12930
https://doi.org/10.1111/nph.12930
https://doi.org/10.2136/sssaj1968.03615995003200060031x
https://doi.org/10.1023/A:1010306425468
https://doi.org/10.2489/jswc.70.6.399
https://doi.org/10.2489/jswc.70.6.399
https://doi.org/10.1016/S0065-2113(02)79005-6
https://doi.org/10.1016/S0065-2113(02)79005-6
https://doi.org/10.1038/nature01014
https://doi.org/10.1016/j.agee.2005.07.003
https://doi.org/10.1016/j.agee.2005.07.003
https://doi.org/10.1371/journal.pone.0122156
https://doi.org/10.1371/journal.pone.0122156
https://doi.org/10.1104/pp.010331
https://doi.org/10.1104/pp.010331
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1111/j.1469-8137.2007.02256.x
https://doi.org/10.1111/j.1469-8137.2007.02256.x
https://doi.org/10.1007/s11104-016-2974-2
https://doi.org/10.1007/s00374-004-0727-5
https://doi.org/10.1007/s00374-004-0727-5
https://doi.org/10.1016/j.soilbio.2007.04.022
https://doi.org/10.1016/j.soilbio.2007.06.006
https://doi.org/10.1016/j.soilbio.2007.08.010
https://doi.org/10.1002/jpln.201000206
https://doi.org/10.1016/0038-0717(90)90046-3
https://doi.org/10.1016/j.apsoil.2016.07.021

	In the land of plenty: catch crops trigger nitrogen uptake by soil microorganisms
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Plant growth and N treatments
	Harvest
	Plant and soil analyses
	Calculations and statistics

	Results
	Biomass effects of N addition
	Effects of N addition on specific root length
	Catch crops and residual inorganic N
	Microbial N immobilisation
	Fertilizer uptake efficiency

	Discussion
	Nitrogen retention capacity of catch crops is species specific
	Fertilizer addition increases risk of N losses
	Catch crops trigger microbial N immobilisation

	Conclusions
	References


