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ARTICLE INFO ABSTRACT
Keywords: Winter catch crops are grown to scavenge nutrients over a period of unfavorable growth conditions and to
Nitrogen carry-over conserve nutrients for subsequent release to the following main crop. Since environmental conditions have a

Sinapis alba
Phacelia tanacetifolia
Avena strigosa

strong impact on the growth and nutrient capture in roots and shoots of individual catch crop species, we
anticipated that mixtures will be more durable and efficient in nutrient capture due to compensatory effects
Trifolium alexandrinum among component species. We tested this hypothesis and determined the nitrogen and phosphorus accumulation
Root-fixed nutrients in the shoots and roots of four catch crop species grown in pure vs. mixed stands at two sites for two or three
Nitrogen uptake years. Element concentrations were determined in the root and shoot biomass of each species and used to
Phosphorous uptake calculate the nutrient pool fixed in the root or shoot biomass. A qPCR-based technique was applied to quantify
the root biomass of individual species based on species-specific DNA sequences. Despite considerable variation
across environments, the overall plant biomass of white mustard (Sinapis alba), lacy phacelia (Phacelia tanace-
tifolia) and bristle oat (Avena strigosa) was similar and higher than that of Egyptian clover (Trifolium alexan-
drinum). While pure stands varied 6- to 24-fold in shoot biomass depending on environmental conditions, the
variation was only ~3-fold for catch crop mixtures, with less pronounced variation in the root biomass. In
general, the root biomass was comparable to the shoot biomass in each species. Roots contributed 26-46% of the
nitrogen and 36-48% of the phosphorus to the total accumulation of these nutrients in the catch crop biomass,
thus emphasizing the importance of plant roots as belowground nutrient pool for potential carry-over of nutrients
to the subsequent crop. Although the mixture was mostly dominated by two of the four species, namely mustard
and phacelia, it captured similar or even larger amounts of nutrients than the best-performing pure stand under
any growth condition. This was the case for shoot- and for root-bound nutrients. Our results indicate that catch
crop mixtures have higher durability than pure cultures to environmental variations. The amount of nitrogen
captured by the mixture meets the average postharvest nitrogen that is left over by a wide range of cash crops,
thus emphasizing that catch crop mixtures represent an efficient nutrient management tool in crop rotations.

1. Introduction main crop (Sieling, 2019). Nutrient capture is of particular importance
for the nitrogen (N) form nitrate, which is prone to leaching into deeper

In crop rotations, winter catch crops are grown to scavenge soil soil layers (Jensen, 2006). Once below the root zone, nitrate transfer
nutrients over winter and carry them over to the subsequently grown into the hydrosphere can cause severe environmental problems, such as
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eutrophication or hypoxia (Galloway and Cowling, 2002). Sieling
(2019) reviewed that catch crops can decrease leaching by up to 100 kg
N ha'! depending on the species, catch crop management and
geographical location. Considering the beneficial traits of catch crop
species, the efficiency of uptake and accumulation of the soil mineral N
forms nitrate and ammonium is mostly associated with shoot biomass
formation, i.e. carbon and N accumulation of a catch crop (Kramberger
et al., 2013; Wendling et al., 2016), and the development of a deep root
system (Thorup-Kristensen, 2001, 2006; Heuermann et al., 2019).

In addition to scavenging nitrate and other readily leachable nutri-
ents, catch crops may also improve the availability of less soluble nu-
trients, such as phosphorus (P). The excessive use of P-containing
organic and mineral fertilizers in some areas is problematic in terms of
eutrophication potential and finite global P reserves (Cordell et al.,
2009). Thus, the cycling of natural P reserves from organic and inor-
ganic P pools in agricultural soils must be improved. Catch crop species
may contribute to P mobilization from sparingly soluble precipitates,
incorporate P into their biomass and release it in plant-available forms to
the following crop during the mineralization of their biomass (Lambers
et al., 2006; Eichler-Lobermann et al., 2008). The release of protons,
organic acids or P-mobilizing enzymes, such as phytases, symbiosis with
mycorrhizae and a large number of lateral roots and root hairs are
beneficial for the efficient acquisition of P (Dakora and Phillips, 2002;
Lambers et al., 2006; Lynch, 2019). In particular, species classified as
shallow rooting, such as phacelia, ryegrass or buckwheat (Kutschera
et al., 2009), have been described as the most efficient for P acquisition
(Eichler-Lobermann et al., 2008).

Individual plant species tend to form root systems with either steep
or shallow root angles that are beneficial for nutrient acquisition from
either deep soil layers or the topsoil, respectively, while mixtures of
catch crop species may overcome such trade-offs and improve nutrient
management by accessing a larger soil volume. Compared to pure
stands, catch crop mixtures can be superior in aboveground biomass
formation and related nutrient fixation due to their higher durability
under unfavorable conditions (Wortman et al., 2012; Kramberger et al.,
2013; Elhakeem et al., 2019; Khan and McVay, 2019). This advantage
can be based on the stimulation of microbial biomass via enhanced
carbon delivery to the rhizosphere (Gentsch et al., 2020), the release of
specific root exudates promoting beneficial microbial taxa (Yu et al.,
2021), the beneficial effects of root microbiomes on improving root
growth of component species (Mommer et al, 2010), or the
exudate-based transfer of nutrients between species (Paynel and Cliquet,
2003). In addition, functional complementarity within mixtures relying
on vertical root niche differentiation may result in more efficient
exploitation of the rooted soil volume. In fact, studies have reported
greater belowground biomass yield for plant communities with diverse
species compared with communities with fewer species (Reich et al.,
2004; Mommer et al., 2010; Heuermann et al., 2019).

To date, nutrient capture by catch crops has been evaluated almost
exclusively in the shoot biomass, as in the studies of Eichler-Lobermann
et al. (2008), Sullivan and Andrews (2012), Zaniewicz-Bajkowska et al.
(2013), Koefender et al. (2016) and Xavier et al. (2017). However,
estimating the contribution of nutrient capture in the root biomass is
implicitly necessary to exploit and estimate the full potential of catch
crops for efficient nutrient carry-over in sustainable crop rotations
(Hupe et al., 2016). By determining biomass and nutrient concentrations
in roots washed out from excavated soil (Kuo et al., 1997; Redin et al.,
2018), soil cores (Wendling et al., 2016) or ingrowth cores (Komainda
et al., 2016), previous studies have estimated the share of roots in total
nutrient capture by catch crops up to 20-50 cm soil depth. However,
root washing methods risk overestimating root biomass whenever the
co-collection of soil organic matter, whose origin derives from sources
other than the actual grown plant species, cannot be avoided (Hirte
et al., 2017). DNA-based root quantification methods can overcome this
problem and can even assign root biomass to different species in mix-
tures (Haling et al., 2011; Huang et al., 2013; Heuermann et al., 2019).
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The current study focused on the nutrient scavenging potential of the
root biomass of catch crop species and the nutrient ratio fixed in the
belowground versus aboveground biomass of catch crops cultivated in
pure or mixed stands. We presumed that in changing environments a
mixture with higher biodiversity will increase the robustness of nutrient
binding not only in the shoot (Khan and McVay, 2019) but also in the
root biomass. First, we compared the biomass and N and P concentra-
tions in four different species reported to differ in root morphology, i.e.,
white mustard (Sinapis alba), lacy phacelia (Phacelia tanacetifolia),
bristle oat (Avena strigosa) and Egyptian clover (Trifolium alexandrinum;
Kutschera et al., 2009). The root biomass was determined at different
soil depths using a DNA-based quantification method. We then
addressed whether a mixture of these species shows a larger potential for
nutrient scavenging in the root biomass than pure stands, especially
under variable growth conditions. We therefore repeated a field exper-
iment in five test environments and grew the four species either in pure
stands or in a four-species mixture for subsequent determination of the
biomass or N and P accumulation in the shoots and roots.

2. Materials and methods
2.1. Plant species and growth conditions

Experiments were conducted at two sites in Germany: Asendorf in
Lower Saxony, 52°45'48.4"N 9°01'24.3"E, and Triesdorf in Bavaria,
49°12'36.5”"N 10°38'33.9"E. The soils were classified as Stagnic Cam-
bisols (WRB, 2015). In Asendorf, the uniformly textured soil was a silty
loam, while in Triesdorf the substrate was more heterogeneous and
ranged from sandy loam to sandy clay-loam.

Four catch crop species, namely, white mustard cv. Litember, lacy
phacelia cv. Bee Happy, bristle oat cv. Panache and Egyptian clover cv.
Alex were grown either in pure stands or in a mixture of the four species
in a randomized complete block design that included plots of 7.3 m x 6
m in three replicates. In Asendorf, the catch crop stands were established
in 2015, 2016 and 2017; in Triesdorf, the catch crops were grown in
2016 and 2017. They were sown on 3 September 2015, 20 August 2016
and 15 August 2017 in Asendorf and on 24 August 2016 and 15 August
2017 in Triesdorf. Due to the late sowing date in Asendorf in 2015, the
seedlings were covered for 12 days by a fiber mat, which improved
seedling development under glasshouse-like conditions. Winter wheat
(Triticum aestivum) cv. Patras was the preceding crop in every environ-
ment. In Asendorf, plants were fertilized with liquid urea ammonium
nitrate at a dose of 50 kg N ha'! on 7 September 2015 and of 40 kg N ha™!
in the two following years (7 September 2016 and 28 August 2017). In
Triesdorf, catch crops received 27 or 30 kg N ha’', as calcium ammo-
nium nitrate, on 29 September 2016 or 8 September 2017, respectively.

Table 1

Monthly average temperature and precipitation during the catch crop cultiva-
tion period at site Asendorf in 2015, 2016 and 2017 and at site Triesdorf in 2016
and 2017 as recorded by local weather stations. Note: For the sake of data
comparability, Table 1 also includes weather recordings from 2015 and 2016
taken from Heuermann et al. (2019).

Asendorf Triesdorf

2015 2016 2017 2016 2017
Avg. Temperature [°C]
Aug 19.2 17.6 17.1 17.8 17.9
Sep 13.4 17.6 13.5 16.1 11.7
Oct 8.9 9.1 12.1 7.5 10.0
Nov 8.4 4.2 6.1 3.0 3.8
@ 4-month 12.5 12.1 12.2 111 10.9
Precipitation [mm]
Aug 135.0 20.6 99.4 38.0 66.8
Sep 55.4 29.6 165.2 39.1 55.2
Oct 63.2 29.4 129.2 54.8 63.4
Nov 175.4 66.4 88.4 52.5 60.4
% 4-month 429.0 146.0 482.2 429.0 245.8
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Weather data for the seasons are shown in Table 1.

At both sites, the following seeding rates [seeds m'?] were applied:
Mustard (pure stand) — 300, phacelia (pure stand) — 706, oat (pure
stand) — 588, clover (pure stand) — 833, mustard (mixture) — 67, phacelia
(mixture) — 294, oat (mixture) — 53, and clover (mixture) — 233. By
choosing these seeding rates, we targeted for similar overall shoot
biomass in pure and mixed stands, balanced the differences in speed of
juvenile development among the species and considered the competi-
tiveness of individual species based on long-term experience of the seed
manufacturer Deutsche Saatveredelung (Lippstadt, Germany). Further
information on the field management and on soil properties are given in
Heuermann et al. (2019).

2.2. Sampling and processing of plant material and soil cores

For determination of N and P in the plant material of each species, we
cut five individual shoots and manually pulled out two to five individual
roots per species from each plot when day temperatures started to
decrease below 5 °C in autumn (Asendorf: 27 October 2015 / 9
November 2016 / 14 November 2017, Triesdorf: 2 November 2016 / 9
November 2017). Soil adhering to roots was removed by rinsing with tap
water before roots were pooled. The shoots were kept separately. All
plant parts were dried at 60 °C to constant weight. The dry shoot and
root samples were ground in a swing mill (RS200, Retsch, Haan,
Germany).

For biomass determination per unit area, three microplots per plot,
which were 100 x 100 cm in Asendorf and Triesdorf in 2017 and 50 x
50 cm in Triesdorf in 2016, were used to cut all plants just above the soil
surface. Shoots were sorted by species and dried separately at 60 °C to
constant weight. The root dry mass was determined in soil cores using a
gqPCR-based method as described in Heuermann et al. (2019). In brief,
we first developed species-specific primers that amplified parts of the
internal transcribed spacer region 1 or 2 to discriminate the individual
catch crops against other species, pregrown wheat and Spatiphyllum
(natively occurring in South America but employed here as internal
control). Then, we grew individual catch crops in meshes in their intact
catch crop stands in the field and washed their roots carefully after
approximately eight weeks. The roots were frozen and ground, and
distinct amounts in the range from 10 to 150 mg of fresh root material
were used to extract genomic DNA. Additional aliquots were taken to
determine the corresponding dry weights (DWs). After quantitative PCR
using the respective species-specific primers, we set up standard curves
for individual catch crops plotting cycle threshold values against log
(root DW). In the field, we took soil cores (6 cm diameter) down to a soil
depth of 70 cm and cut them into 4-cm slices around 0, 10, 20, 30, 40,
50, 60 and 70 cm. We washed the soil samples through sieves with a 0.4
mm mesh size to reduce the soil:root ratio, which yielded higher gDNA
quantity and quality. The samples were frozen and ground, and ~600
mg DW was used for gDNA extraction. Additionally, 20 mg of Spati-
phyllum leaf material was added to every sample, which served as an
internal control for gDNA extraction efficiency against the soil matrix
remaining after washing. In the following quantitative PCR assays with
species-specific primers, we determined the cycle threshold values for
every catch crop DNA as well as for Spatiphyllum and calculated the root
DW at different soil depths based on the respective standard curves. The
same procedure was applied to fallow plots to correct for artifacts from
field-internal DNA stocks of previous catch crop species.

2.3. Elemental analysis of plant material

Nitrogen concentrations were determined in 1.5 mg ground plant
material using an elemental analyzer (EuroEA3000, Hekatech, Wegberg,
Germany). Further elements were analyzed by inductively coupled
plasma optical emission spectroscopy (ICP-OES; iCAP 7400 duo, Thermo
Fischer Scientific, Dreieich, Germany) as described in Eggert and von
Wirén (2013). From each plot, five individual shoot samples and one

European Journal of Agronomy 136 (2022) 126504

root sample pooled from two to five individual plants were analyzed for
every species (see 2.2). The mean of the five shoot samples was used as
the element concentration value for that specific plot. Total element
accumulation in plant biomass per area was calculated as the product of
the mean shoot biomass in three microplots or the mean root biomass
upscaled from three soil cores per plot (see Section 2.2) and the mean
shoot or root element concentrations. Data from 2015 and 2016 were
recalculated from Heuermann et al. (2019), although due to sample loss
in 2015 and 2016, only one pooled root sample per species was analyzed
to determine element concentrations. In Table 3, the root element con-
centrations for 2015 and 2016 are represented by a single value that is
identical for individual species in pure and mixed stands. This resulted in
only one root value being used in further analyses: Root:shoot ratios in
Table 3 as well as total element accumulation in the roots in Fig. 2 and
Fig. 3 in 2015 and 2016 are based on only one root element concen-
tration value obtained from three plots (n = 3).

2.4. Analysis of nutrient stocks in soil samples

Soil samples were extracted in three replicates per plot using a
manual soil corer being 2 cm in diameter in increments of 0-30, 30-60,
and 60-90 cm depth. Then, one pooled sample per depth was created
and transported in a cooler to the laboratory for the fresh extraction of
soil mineral N (Np,,). For further analysis, the samples were dried at
40 °C and sieved through 2 mm-sized meshes if necessary. Samples for
determining bulk density were collected nondestructively using a
stainless core cutter (100 cm®), and bulk density was determined
gravimetrically after drying at 105 °C. Np,;, was extracted as nitrate and
ammonium with a 12.5 mM CacCl; solution and measured by an auto-
analyzer (SAN-plus, Skalar Analytical B.V., Breda, The Netherlands).

Plant-available P was measured according to Ziadi and Tran (2006).
In brief, dry soil was extracted with Mehlich 3 at a 1:10 (w/v) soil:so-
lution ratio and filtered. Mehlich 3-extractable P (P.y) was determined in
extracts by ICP-OES (Varian 725-ES, Palo Alto, California). Data for Ny
and Pey stocks in the soil before catch crop cultivation are given in
Table 2.

2.5. Statistical analysis

First, the mean of all replicated data for biomass and for N and P
concentration from one plot was calculated; in mixture-plots, this was
done per individual species. Then, mean biomasses were multiplied with
mean respective element concentrations yielding element accumulation
per plot. In mixture-plots, we calculated a sum of biomass, N or P
accumulation of the individual component species.

Statistical analyses were undertaken in R version 4.1.0 (R Core Team,
2021).

In each environment, differences among the five catch crop vari-
ants (pure mustard, pure phacelia, pure oat, pure clover, sum of species
in the mixture) in biomass, N and P accumulation were calculated based

Table 2

Soil stocks of mineral nitrogen (Np,i,) and Mehlich 3-extractable phosphorus
(Pey) in the 0-90 cm soil depth before the catch crop cultivation periods in
Asendorf in 2015, 2016 and 2017 and in Triesdorf in 2016 and 2017. Values are
means + SD; n = 19-21.

Niin [kg ha™1 Pey [kg ha']

Asendorf Triesdorf Asendorf Triesdorf
Sampling date
2015 31.7.2015 31.7.2015
2016 3.8.2016 16.8.2016 3.8.2016 16.8.2016
2017 9.8.2017 7.8.2017 9.8.2017 7.8.2017
Ninin / Pex
2015 52.1 £10.3 2155.4 £+ 253.0
2016 58.9 + 13.6 12.2+ 4.0 1019.6 + 141.0 741.6 + 212.4
2017 30.6 + 4.2 23.9+5.1 1300.8 + 345.3 849.8 + 235.8
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Table 3

Concentrations of N and P in the shoot and root dry biomass and root:shoot
ratios of respective element concentrations of four catch crop species cultivated
in pure or mixed stands in five environments. Mustard, phacelia, oat and clover
were cultivated either alone or in a mixture of all four species in 2015, 2016 and
2017 in Asendorf and in 2016 and 2017 in Triesdorf. Table shows means + SD; n
= 3 [shoots, roots in 2017], n = 1 [roots in 2015 and 2016], n.a.=not analyzed.
In pure stands, estimated means are extracted from model 1 and when followed
by a common capital letter not significantly different at the 5% significance
level; in mixtures, estimated means are extracted from model 2 and when fol-
lowed by a common small letter not significantly different at the 5% significance
level; n.s.=not significant., n.t.=not tested. Estimated means from mixtures
followed by an asterisk are significantly different at the 5% significance level to
the respective species in pure stands according to model 3. The root:shoot ratio
shows the mean root-to-shoot concentration ratio for N or P; n = 3 (Note: As in
2015 and 2016 only one root N value was available, statistical evaluation is
omitted).

Shoot concentration Root concentration Root:Shoot ratio

[mg g'1 DW] [mg g'1 DW]
N P N P N P
Asendorf
2015
Pure stand
Mustard 45.5 + 7.0 + 149™%  na. 0.3+ n.a.
6.6 ™S 0.9% 0.05¢
Phacelia 40.7 + 9.2+ 27.4 n.a. 0.7 + n.a.
1.1 0.74 0.02%
Oat 375+ 9.0 + 19.8 n.a. 0.5+ n.a.
1.3 0.5% 0.028
Clover 43.2 + 6.6 + 30.2 n.a. 0.7 + n.a.
7.4 0.8% 0.11%
Mixed
stand
Mustard 40.1 + 6.9 + 149™%  na. 0.4 + n.a.
7.5 s 0.3¢ 0.07¢
Phacelia 46.6 + 14.0 + 27.4 n.a. 0.6 + n.a.
6.6 2.4% 0.08°
Oat 43.6 £ 10.6 + 19.8 n.a. 0.5+ n.a.
0.6 * 1.0%¢” 0.01¢
Clover 42.7 + 8.2 + 30.2 n.a. 0.7 + n.a.
47 0.8° 0.08%
Asendorf
2016
Pure stand
Mustard 27.7 + 2.5+ 9.2 ™t 3.4 ™t 0.3 + 1.4+
0.7AB 0.1% 0.018 0.074
Phacelia 24.1 + 3.9+ 8.2 2.5 0.4 + 0.6 +
5.6° 0.4 0.08® 0.06¢
Oat 21.9 + 29+ 5.7 1.3 0.3+ 0.5 +
0.58 0.1% 0.018 0.02°
Clover 33.4 + 2.9 + 27.2 3.2 0.8 + 1.1+
3,58 0.48 0.09% 0.148
Mixed
stand
Mustard 23.1 + 2.7 + 9.2 ™t 3.4 ™t 0.4 + 1.3 +
105™  0.1° 0.16° 0.06%
Phacelia 28.7 + 4.3+ 8.2 2.5 0.3+ 0.6 +
5.4 * 1.0° 0.06"¢ 0.14°
Oat 23.7 £ 3.4+ 5.7 1.3 0.2 + 0.4 +
1.2 0.3%° 0.01¢" 0.034
Clover 35.9 + 3.4+ 27.2 3.2 0.8 + 0.9 +
1.3 0.1%® 0.03% 0.03°
Asendorf
2017
Pure stand
Mustard 15.3 + 29+ 7.7 £ 3.2+ 0.5 + 1.1+
0.3% 0.3 0.58 0.6" 0.03® 0.11%
Phacelia 15.2 + 5.2+ 6.1+ 5.4+ 0.4 + 1.0 +
1.08 0.1% 0.48 0.6 0.058 0.098
Oat 16.9 + 4.6 + 7.3+ 3.1+ 0.4 + 0.7 +
1.48 0.3% 1.68 1.0% 0.11® 0.21¢
Clover 321+ 3.4+ 33.9 + 4.8 + 1.1+ 1.4 +
2.78 0.1¢ 0.4 0.74 0.10% 0.16%
Mixed
stand
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Table 3 (continued)

Shoot concentration Root concentration Root:Shoot ratio

[mg g DW] [mg g! DW]
Mustard 15.1 + 32+ 49+ 2.9+ 0.3+ 0.9 +
1.8¢ 0.5¢ 0.5°" 0.7¢ 0.02° " 0.20°
Phacelia 21.2 + 6.1+ 8.4+ 6.8 + 0.4 + 1.1+
2.0°" 0.9 0.8°" 0.3* 0.01° 0.12°
Oat 24.6 + 5.0 + 7.8 25+ 0.3+ 0.5 +
1.3%" 0.5" 2.8" 0.7¢ 0.12° 0.12¢
Clover 34.0 + 33+ 33.3+ 48 + 1.0 + 1.4+
1.32 0.3¢ 3.7° 0.7° 0.13? 0.15%
Triesdorf
2016
Pure stand
Mustard 31.4 + 4.3 + 183"+ 28m™t 0.6 + 0.7 +
0.4¢ 0.58 0.01® 0.08*
Phacelia 32.2 + 5.9+ 17.3 4.9 0.5+ 0.8 +
3.4¢ 0.87B 0.065¢ 0.114
Oat 49.1 + 7.0 + 21.9 2.3 0.4 + 0.3+
474 0.6 0.05¢ 0.03®
Clover 39.5 + 48 + 27.7 4.0 0.7 + 0.8 +
2.3% 0.8% 0.04* 0.124
Mixed
stand
Mustard 31.2 + 4.6 + 183"+ 28m™t 0.6 + 0.6 +
0.8¢ 0.3¢ 0.01° 0.04°
Phacelia 37.2 + 6.5 + 17.3 4.9 0.5+ 0.8 +
2.2b 0.6 0.03¢ 0.07%
Oat 36.5 + 6.2 + 21.9 2.3 0.6 + 0.4 +
2.5P 0.3? 0.04°" 0.02¢
Clover 41.1 + 49 + 27.7 4.0 0.7 + 0.8 +
0.0° 0.4° 0.003% 0.06%
Triesdorf
2017
Pure stand
Mustard 12.9 + 32+ 5.6 + 3.4+ 0.4 + 1.0 +
0.6" 0.4 ™ 0.3% 0.1AB 0.038 0.114
Phacelia 12.7 + 46 + 5.3+ 43+ 0.4 + 0.9 +
0.3% 0.4 0.6® 0.148 0.04® 0.09%B
Oat 13.9 + 43+ 3.6+ 2.5+ 0.3+ 0.6 +
1.6% 0.9 0.78 1.3% 0.02¢ 0.278
Clover 30.4 + 45+ 27.7 + 5.4 + 0.9 + 1.2+
0.5% 0.5 1.84 114 0.04* 0.144
Mixed
stand
Mustard 16.3 + 3.4+ 6.8 + 3.9+ 0.4 + 1.2 +
0.7¢" 0.2° 0.04°" 018" 0.02° 0.072
Phacelia 15.3 + 5.3 + 48 + 43+ 0.3+ 0.8 +
1.8° 0.9° 0.03¢ 0.1? 0.04¢ 0.13°
Oat 22.1 + 5.8 + 5.6 + 2.6 + 0.3+ 0.4 +
0.8"" 0.5° 1.2b¢ " 0.3° 0.06° 0.05°
Clover 28.1 + 4.0 + 22.3 + 46 + 0.8 + 1.2+
1.6 0.1° 0.9*" 0.8% 0.01* " 0.217

on the following linear mixed model with the lme4 package version
1.1.27.1 (Bates et al., 2015):

Yij :ﬂ+cvi+bj+€,j (Inodel 1)
Yj... biomass, N or P accumulation of the i catch crop variant in the j&
block; p... intercept term (u = 0); cv;... effect of the it catch crop variant
treated as fixed effect; b;... effect of the j™ block treated as random as
effect; e;;...residual errors.

For N and P concentrations, we calculated differences among pure-
cultured species according to model 1 after sub setting the dataset for
the cultivation form “pure”. In order to evaluate differences among
species cultivated in the mixture, we sub set the data by the cultivation
form “mixture”. Since every block contained exactly one mixture-plot,
we treated mixture-plot as random factor:

Yy =p+csi+m+ey (model 2)

Yjj... N or P concentration of the ih catch crop species in the jth mixture-
plot; p... intercept term (u = 0); cs;... effect of the i catch crop species
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Fig. 1. Total shoot and root biomass of the four catch crop species and the mixture in five environments and across all environments. Mustard, phacelia, oat and
clover were cultivated either alone or in a mixture (“Mix”) of all four species in 2015, 2016 and 2017 in Asendorf and in 2016 and 2017 in Triesdorf. Bars (upward:
shoot, downward: root) show the mean -SD; n = 3 or 15 plots. Red dots show BLUEs over all plots from all environments; n = 15. In individual environments, BLUEs
are shown for comparison. In individual environments, estimated means are extracted from model 1 and when followed by a common letter not significantly different
at the significance 5% level; across environments estimated means are extracted from model 4 and when followed by a common letter not significantly different at the
5% significance level; n.s.=not significant. “Root:Total biomass” ratio refers to root biomass to a soil depth of 70 cm relative to the total plant biomass; n = 3 or 15
plots. The adjusted repeatability for species (“Rep”) is given in the upper right panel. For sake of comparability to data from 2017, biomass data of 2015 and 2016 are

included from Heuermann et al. (2019).

treated as fixed effect; m;... effect of the jth mixture-plot treated as
random effect; e;...residual errors.

Differences in N or P concentration within one species between
cultivation forms (="pure” or “mixture”) were evaluated based on the
following model after sub setting the datasets for the individual species:

Yi=pu+c+b+e; (model 3)
Yjj... N or P concentration of respective catch crop species under the ith
cultivation form in the jth block; p... intercept term (u = 0); c;... effect of
the i cultivation form treated as fixed effect; b;... effect of the j™ block
treated as random as effect; e;...residual errors.

In all cases, normality was checked based on the residuals with

diagnostic plots as described by Kozak and Piepho (2018) and
log-transformation of the data was performed when necessary. The
emmeans package version 1.7.0 (Lenth, 2021) was used to calculate
significant differences between fixed effects based on the estimated
means (method="pairwise”, adjust="fdr”, alpha=0.05).

Across all environments, differences among the five catch crop
variants in biomass, N and P accumulation were calculated based on the
following linear mixed model with the lme4 package:

Yii = p+ cvi + b + yi + 51+ cvsy + cvyy + ys + by + bsj + eju
(model 4)

Yijki... biomass, N or P accumulation or root:shoot ratio of biomass, N or
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Fig. 2. Total N accumulation in the shoots and roots of the four catch crop species and the mixture in five environments and across all environments. Shoot and root
N contents were determined in mustard, phacelia, oat and clover cultivated either alone or in a mixture (“Mix”) of all four species in 2015, 2016 and 2017 in Asendorf
and 2016 and 2017 in Triesdorf. Bars (upward: shoot, downward: root) show the mean -SD; n = 3 or 15 plots. Red dots show BLUEs across all environments; n = 15.
In individual environments, BLUEs are shown for comparison. In individual environments, estimated means are extracted from model 1 and when followed by a
common letter not significantly different at the significance 5% level; across environments estimated means are extracted from model 4 and when followed by a
common letter not significantly different at the 5% significance level; n.s.=not significant. “Root N: Total N shows the ratio of root-bound N to N bound in the total
plant biomass; n = 3 or 15 plots. The adjusted repeatability for species (“Rep”) is given in the upper right panel. Note: A Rep of 0 means, that no variance was
explained by the species alone but by the interaction of species x year and species x location.

P accumulation of the i catch crop variant in the j block in the k™ year
at the [ site; p1.... intercept term (u = 1); cv;... effect of the i™ catch crop
variant treated as fixed effect;

b;... effect of the jth block treated as random as effect; yx... effect of
the k™ year treated as random effect;

s1... effect of the I™ site treated as random effect; cvs;... interaction
term of the it? effect of catch crop variant with the I effect of site treated
as random effect; cvyj... interaction term of the ith effect of catch crop
variant with the k™ effect of year treated as random effect; ysy;... inter-
action term of the I effect of site with the k™ effect of year treated as
random effect; byj... interaction term of the jth effect of block with the

k™ effect of year treated as random effect; bs;... interaction term of the
jth effect of block with the I effect of site treated as random effect; ejyi. ..
residual errors.

Only for shoot N accumulation this model did not converge. Thus, we
iteratively removed b; and bs; as those effects did not significantly
improve the Akaike information criterion of the model fit. Then, the
model converged. Normality was checked based on residuals as
described above. By treating catch crop species as fixed effect, differ-
ences in biomass, N and P accumulation among the catch crop variants
were calculated based on estimated means as described before, and best
linear unbiased estimators (BLUEs) were extracted with the Ime4
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Fig. 3. Total P accumulation in the shoots and roots of the four catch crop species and the mixture in five environments and across all environments. Shoot and root P
contents were determined in mustard, phacelia, oat and clover cultivated either alone or in a mixture (“Mix”) of all four species in 2015, 2016 and 2017 in Asendorf
and 2016 and 2017 in Triesdorf. Bars (upward: shoot, downward: root) show the mean -SD; n = 3 or 15 plots. Red dots show BLUEs across all environments; n = 15.
In individual environments, BLUEs are shown for comparison. In individual environments, estimated means are extracted from model 1 and when followed by a
common letter not significantly different at the 5% significance level; across environments estimated means are extracted from model 4 and when followed by a
common letter not significantly different at the 5% significance level; n.s.=not significant. n.a.=not analyzed. “Root P: Total P” shows the ratio of root-bound P to P
bound in the total plant biomass; n = 3 or 15 plots. The adjusted repeatability for species (“Rep™) is given in the upper right panel.

package. In order to decompose the individual relative variance con-
tributions of c¢v, b, y, s, cvs, cvy, ys, by and/or bs to the total variance in
the respective datasets, we calculated the unadjusted repeatability (R)
forcv, b, y, s, cvs, cvy, ys, by and/or bs from an updated model 4, treating
all effects as random, with the following equation (Nakagawa and
Schielzeth, 2010):

Rcv/b/y/:/cvs/cvy/ys/by/b3' = 63v/b/y/s/cvs/z‘vy/y:/by/b:/ (0-31' + 0% + 65 + 6.% + o-zz‘v:

2

2 2 2 2
+ Oy + Oy -+ Opy + 0y, + O‘e>

(€8]

Rev/bsy/ss/evs/evy/ys/by/bs -~ unadjusted repeatability for catch crop
variant / block / year / site / catch crop variant-site interaction / catch
crop variant-year interaction / year-site interaction / block-year inter-
action or block-site interaction effect in updated model 4;

Ozcv/b/y/s/cvs/cvy/ys/by/bs ... variance estimated from cv; / bj / yx / s/
cvsit / cvyix / ysk / by or bsj treated as random factor in updated model
4

6%... residual error from ek in updated model 4.

In order to estimate how accurate biomass formation and N and P
accumulation among catch crop variants can be measured in changing
environments, we adjusted the repeatability, weighted for the number of
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replicates, for the catch crop variant by the following equation (Naka-
gawa and Schielzeth, 2010):

o2
Rep = ¢, / <6§V + n—e) @

Rep... adjusted repeatability for catch crop variant; ¢%,... variance
estimated from cy; treated as random factor in updated model 4; 023...
residual error from ey in updated model 4; n,... number of replicates
per catch crop variant (n = 15).

To compute the variance contributions of catch crop species (Rgs),
block (Rp), year (Ry) and site (R;) and respective interactions to the total
variation in the datasets of N and P concentrations and root:shoot ratios
in N and P concentrations in pure stands, we first sub-set the datasets for
the cultivation form “pure”. Then, random effect models as shown for
updated model 4 were fitted, replacing the effect of catch crop variant
(cv) by catch crop species (cs) in otherwise identical models. The un-
adjusted repeatability was calculated according to Eq. 1. We followed
the same procedure to compute R for the cultivation form “mixture”,
replacing catch crop variant (cv) by catch crop species (cs) and block (b)
by mixture-plot (m) in otherwise identical variants of updated model 4.

Relations between Ny, or Pey concentrations in the soil before catch
crop sowing (trait 1) and respective N or P accumulation in the plant
material (trait 2) were calculated according to Piepho (2018). In our
experimental design, data pairs from the same environment
(=combination of year and site) may be expected to be more similar
than those from different environments. Thus, we fitted multivariate
linear mixed models allowing for heterogeneous variance using the
sommer package (Covarrubias-Pazaran, 2016, 2018). In detail, we used
models with compound symmetry plus diagonal covariance structures
and unconstrained estimation of the variance and covariance compo-
nents as suggested for multivariate heterogeneous variance models
(model 5 as specified by Covarrubias-Pazaran in https://rdrr.io/cran/so
mmer/f/inst/doc/v4.sommer.gxe.pdf and https://rdrr.io/cran/somme
r/f/vignettes/v1.sommer.quick.start. Rmd, both accessed on
14.3.2022); mmer[cbind(trait 1, trait 2) ~ 1; random= ~ vs(catch crop
variant, Gtc=uncm(2)) + vs(ds(environment), catch crop variant,
Gtc=uncm(2)); rcov= ~ vs(ds(environment), units, Gtc=uncm(2)].
However, whenever “soil N,ip” was imputed as trait 1 this model did not
converge. Thus, trait 1 “Np,;,” and traits 2 “shoot N”, “root N” or “N root:
N total”, respectively (see Table 4), were analysed in separate models
[mmer(trait 1 ~ 1 OR trait 2 ~ 1; random= ~catch crop variant + vs(ds
(environment), catch crop variant); rcov= ~ vs(ds(environment), units)].
Residuals of the respective models were checked for normality based on
diagnostic plots (Kozak and Piepho, 2018). Data were log-transformed
when needed. Then, we extracted the respective best linear unbiased
predictors (BLUPs) of each catch crop variant for soil Npjn/Pex and N/P
accumulation traits and correlated them by Pearson’s product-moment
correlation as listed in Table 4. Additionally, we correlated residuals
of the respective traits. This allowed separate consideration of envi-
ronment effects apart from residual effects (Piepho, 2018). However,
since sampling and field management in Asendorf 2015 deviated
strongly from the other years (i.e., plowing before catch crop sowing,
use of fiber mat cover, determination of soil Npj, pools more than one
month before catch crop sowing), data from that environment were
excluded from the correlation studies.

3. Results
3.1. Root versus shoot biomass formation in different catch crop species

To compare nutrient fixation in the root and shoot biomass among
different catch crop species, we adjusted the seeding densities to
establish comparable shoot biomasses of the different species at harvest.
In the same environment, the aboveground biomasses of the three
nonlegumes were highly comparable, so that the BLUEs for the shoot
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Table 4

Relations between soil Ny, or Pe stocks before sowing (Trait 1) and corre-
sponding elements captured in the shoots, in the roots or in the root-to-total
plant biomass ratio (Trait 2) of catch crop variants. Trait 1 data are taken
from Table 2 and trait 2 data from Figs. 2 and 3. For each catch crop variant,
BLUPs were computed as described in Section 2.5 and correlated by Pearson’s
product-moment correlation. Values show correlation estimates (r) and corre-
sponding p values; n = 4. Note: Residuals were correlated for trait 1 = “Npyp”
and trait 2 =“N shoot” with resiq= 0.67 and presia< 0.001, and for trait
1 = “Pex” and trait 2 = “P root” with ryesig= —0.78 and presia< 0.001.

Catch crop variant Trait 1 Trait 2 r p value
Mustard Nmin N shoot 0.95 < 0.05
Mustard Nmin N root -0.59 0.41
Mustard Nmin N root:N total -0.78 0.22
Mustard Pex P shoot 0.45 0.56
Mustard Pex P root -0.18 0.81
Mustard Pex P root:P total -0.93 0.07
Phacelia Nmin N shoot 0.99 < 0.05
Phacelia Nmin N root -0.43 0.57
Phacelia Nmin N root:N total -0.68 0.31
Phacelia Pex P shoot 0.56 0.43
Phacelia Pex P root -0.17 0.83
Phacelia Pex P root:P total 0.13 0.87
Oat Nmin N shoot 0.99 < 0.001
Oat Nmin N root -0.54 0.46
Oat Nmin N root:N total -0.69 0.31
Oat Pex P shoot 0.59 0.40
Oat Pex P root 0.69 0.31
Oat Pex P root:P total -0.59 0.40
Clover Nmin N shoot 0.83 0.17
Clover Nmin N root -0.36 0.64
Clover Nmin N root:N total -0.63 0.37
Clover Pex P shoot 0.80 0.20
Clover Pex P root -0.84 0.15
Clover Pex P root:P total -0.85 0.15
Mixture Nmin N shoot 0.98 < 0.05
Mixture Nmin N root -0.63 0.37
Mixture Nmin N root:N total -0.78 0.22
Mixture Pex P shoot -0.33 0.67
Mixture Pex P root -0.99 < 0.01
Mixture P P root:P total -0.74 0.26

)
&

biomass of the nonlegumes across all environments ranged between 2.2
(mustard) and 2.4 (oat) t ha™! (Fig. 1). The BLUE of clover was only
69-73% relative to the other species. This was because of the slow ju-
venile development of clover and could not be corrected by increasing
the seeding density.

In two of the five environments, namely in Asendorf and in Triesdorf
in 2017, shoot biomasses were very close to the BLUEs, while at both
sites in 2016 shoot biomasses strongly deviated from them. In Asendorf
in 2016, the catch crops produced between 1.7 (clover) and 2.0 (oat)
times more shoot biomass than the BLUEs (Fig. 1). In contrast, in
Triesdorf 2016 shoot biomasses were only 0.07 (oat) to 0.3 (mustard)
times the BLUE. This points to a large impact of the environment on
shoot biomass formation of the catch crops. Indeed, the year-site inter-
action explained a large part of the variation in shoot biomass with Ry,
=0.72 (S1 Table). Among all sites and years, the shoot biomass of
mustard varied up to 6-fold, from 0.7 to 4.1 t dry matter ha! (Fig. 1).
The highest shoot biomass was produced in Asendorf in 2016, followed
by Asendorf in 2017, Triesdorf in 2017, Asendorf in 2015 and Triesdorf
in 2016. In principle, the other catch crop species kept the same order
but with a larger range of variation, namely, 9-fold in phacelia and ~24-
fold in both oat and clover. The total shoot biomass of the catch crop
mixture was affected similarly by the growth conditions as in pure
stands but varied only ~3-fold over the test conditions, which was much
less than that of any of the pure stands.

The root biomass was more variable among the nonlegume catch
crops in pure stands than the shoot biomass, ranging from 2.7 (mustard)
over 3.5 (phacelia) to 3.6 (oat) t ha! across all environments (Fig. 1).
Again, clover showed with 0.9 t ha™ lower biomass production than the
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nonlegumes (p < 0.05). Compared to shoot biomass, which was close to
the BLUEs in only two test environments, root biomass was often close to
the BLUE of a respective species, namely in three environments in
mustard and oat and in all five environments in clover. Thus, the
adjusted repeatability for the species across all environments was higher
for root than for shoot biomass. The constant order in biomass formation
among environments, which was observed for shoots of all catch crops,
was only in part present in the roots. For all species, the lowest root
biomass was observed in Triesdorf in 2017; however, due to the
extraordinarily high root mass of phacelia and oat in Asendorf in 2015,
the two species presented a different order compared with mustard,
whose root biomass was highest at both sites in 2016. Early tillage by
plowing and the initial cultivation of catch crops under a fiber mat to
increase soil temperatures, which was undertaken only in Asendorf
2015, may have favored root growth of phacelia and oat more than that
of mustard. The large root contribution of phacelia to the mixture in
Asendorf in 2015 also resulted in the highest total root biomass of the
mixture at that site-year combination.

The ratio of root-to-total biomass (root+shoot) followed a similar
pattern in all catch crops across environments, albeit with large varia-
tion among species. Depending on the test conditions, we observed two
scenarios: In Asendorf in 2016 and 2017 as well as in Triesdorf in 2017,
the root biomass of the nonlegumes ranged from 20% to 50% of the
corresponding total biomass, whereas in Asendorf in 2015 and Triesdorf
in 2016, the catch crops had greater root biomass, which accounted for
66-95% of the of total biomass (Fig. 1). Except for Asendorf in 2015,
clover behaved similar to the nonlegumes but with smaller root-to-total
biomass ratios. This finding suggests that the contribution of roots to the
total biomass is predominantly subject to the growth conditions, which
is supported by repeatabilities of Rys = 0.75, and only R, = 0.04 for that
of catch crop variant (S1 Table). These results also indicate that any
inaccuracy inherent to the DNA-based root biomass determination must
have been smaller than the variation imposed by growth conditions.

In mixed culture, mustard and phacelia dominated shoot and root
biomass formation. Whenever one of those species could cope better
with the present growth conditions, exceptionally high biomasses also
translated into the mixture, such as in the case of phacelia root biomass
in Asendorf in 2015 (Fig. 1). Thus, the BLUE of the total root or shoot
biomass of the mixture across all environments was either larger or
similar to that of the best performing single species. This suggests a high
robustness of the mixture in biomass production under different growth
conditions. Similar to that observed for nonlegumes in pure stands, the
contribution of roots to the total biomass in the mixture followed the
same environment-dependent variations, and in three of the five test
conditions it ranked highest among all catch crop variants. Thus, the
root biomass of the mixture repeatedly accounted for a larger share of
the overall plant biomass formation compared to that of the single
species.

3.2. Variation in the root and shoot nutrient concentrations over years
and sites

Similar to shoot and root biomass, nutrient concentrations in the
plant material also varied among catch crop species and environmental
conditions. In pure stands, the N concentrations in the shoots of mustard
varied between 13 and 45 mg N g'! shoot DW over the five tested con-
ditions (Table 3). N concentrations in the other nonlegumes phacelia
and oat were nearly identical to those of mustard within individual
environments, and varied across environments in all species. The
highest N concentrations were found in Asendorf in 2015 with
~40 mg N per g DW, followed by Triesdorf in 2016, Asendorf in 2016,
Asendorf in 2017 and Triesdorf in 2017 with ~13 mg N per g DW, thus
showing another ranking compared with shoot biomass (Fig. 1). The
root N concentrations of the nonlegumes were similar within an envi-
ronment as well, and followed in principle the same environmental
variation as the shoot N concentrations but varied within a lower range

European Journal of Agronomy 136 (2022) 126504

of 5-30 mg N g'1 root (Table 3). Most likely due to Ny fixation (Saia
et al., 2014), clover showed less variation (~1.3-fold) in either organ
among the test environments than the nonlegumes. Thus, in environ-
ments where the nonlegumes enriched less N (Asendorf and Triesdorf in
2017), clover had > 2x more N in its shoot and between 3.2 and 6.8x
more N in its root tissue. Consequently, clover had root:shoot ratios of N
concentrations close to 1, while in the non-legumes root:shoot ratios
ranged around 0.4-0.5.

In mixed cultivation, N concentrations in the shoots of mustard were
comparable or slightly lower than in pure stands, whereas N was
enriched significantly (p < 0.05) or in trend in the shoots of phacelia
and oat in four of the five test environments (Table 3). The N concen-
trations in the roots could be determined separately from those of the
pure and mixed stands only in Asendorf and in Triesdorf in 2017.
Repeatedly, oat had higher N concentrations in the roots when grown in
the mixture, while clover accumulated less N. The ratios of root N to
shoot N concentrations were largely comparable between both cultiva-
tion forms in all catch crops. Variation in this trait was more affected by
the properties of the individual plant species (pure stand: R.—=0.44,
mixture: Re;= 0.41) than by the environment (pure stand: Rsys= 0.09,
mixture: Resys = 0.09; S1 Table).

Phosphorus concentrations in the shoots varied larger among catch
crop species than those of N. In pure stands, phosphorus concentrations
in mustard varied from 2.5 to 7 mg g shoot DW (Table 3). Clover was in
a highly similar range, while the P concentrations of phacelia and oat
were 120-180% higher than that of mustard and varied by 2.4- and 3.1-
fold across environments, respectively. In principle, the shoot P con-
centrations followed the order Asendorf 2015 > Triesdorf
2016 > Asendorf 2017 = Triesdorf 2017 > Asendorf 2016 in all catch
crops; therefore, the environment had a highly similar impact on the
shoot P levels. The extraordinarily high shoot P concentrations in
Asendorf in 2015 might be explained by the better soil P availability
(Table 2) due to plowing to 30 cm soil depth that was performed
approximately five months before catch crop sowing. In 2016 and 2017,
the soil was not tilled deeper than 15-20 cm for at least 1.5 years before
catch crop sowing at either site. The P concentrations in roots were less
affected by growth conditions and varied only between 1.2- (mustard)
and 2.2-fold (phacelia, Fig. 3). Notably, the root P concentrations fol-
lowed a different species-specific pattern, as observed for the shoots.
Phacelia and clover roots showed the greatest enrichment in P
(2.5-5.4mgPg! root DW), while oat roots contained only
1.3-2.5 mg P g"! root DW. Accordingly, the root:shoot ratios of P con-
centrations were lowest in oat. Compared with the root:shoot ratios for
N concentration, a larger part of the variation in the data was explained
by the growth conditions (pure stand: R.= 0.48, Ry= 0.15, R,= 0.07;
mixture: Re;= 0.53, Ry= 0.15, Ry= 0.05; S1 Table) and varied between
1.6- (in phacelia) and 2.3-fold (in oat) among environments.

Cultivation within the catch crop mixture especially increased the
shoot P concentration of oat by up to 35% compared to the respective
pure stands (Table 3). Also, the shoot P in phacelia tended to increase
under cultivation in mixed vs. pure stands, while the shoot P in mustard
and clover remained largely unaffected by the cultivation form under
either test condition. As observed for N, the root-to-shoot P concentra-
tions of individual species were also similar in pure stands and mixed
cultures.

In summary, the concentrations of N and P in the shoots of catch
crops were in particular affected by the year of cultivation and the year-
site interaction (N - pure stand: Ry=0.56, Ry,=0.17; N - mixture:
Ry=0.61, Rys=0.13; P - pure stand: Ry=0.23, Rys= 0.32; P - mixture:
Ry=0.20, Rys= 0.19; S1 Table). By contrast, variation in root concen-
trations of both elements were explained to a larger extent by the catch
crop species (N - pure stand: Ris= 0.39; N - mixture: R,s= 0.31; P - pure
stand: R.,= 0.44; P - mixture: R,= 0.47). In mixed culture, oat and
phacelia contained higher nutrient concentrations in the shoots and
partially in the roots, while mustard and clover did not show benefits in
terms of nutrient concentrations from co-cultivation with other species
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(Table 3).

3.3. Nitrogen accumulation in the root and shoot biomass of catch crops
in pure and mixed culture

To evaluate the agronomic potential for nutrient carry-over to the
next crop, we compared the amount of biomass-bound N in the roots and
shoots of each species in pure stand with the sum of biomass-bound N in
the mixture over the five test conditions. We observed that the BLUEs for
N accumulation in shoots were highly similar among species in pure
stands, ranging from 47.1 kg N ha! in clover to 56.8 kg N ha™! in pha-
celia (Fig. 2). The mixture was estimated to capture insignificantly more
N, namely 66.4 kg N ha’. In individual environments, N accumulation
deviated from the BLUEs: At the more fertile site in Asendorf, N capture
by catch crop shoots was mostly above the BLUE, while in Triesdorf
plants accumulated only 10-70% of the estimated N capture (dis-
regarding clover in 2017). In Asendorf, the shoot biomass-N of the
nonlegume species in pure stands stored between 34 and 113 kg ha!
within the three years, while in Triesdorf the corresponding value was
35 kg N hal. Interestingly, N accumulation in the shoot biomass of all
nonlegume catch crop variants and the mixture increased when the soil
Nmin stocks were higher before catch crops were sown. This expressed in
significant positive correlations (p < 0.05) of the BLUPs for random
environment effects (r; Table 4). A lack of a significant positive r was
only observed for clover, which likely reflected the influence of N fix-
ation (Saia et al., 2014).

In roots, we calculated BLUEs between 21.8 and 84.5 kg ha™! for N
accumulation to a soil depth of 70 cm in pure stands and a BLUE of
105.8 kg N ha'! in the mixture. The mixture captured thus significantly
more N in roots than clover across all environments (p < 0.05; Fig. 2).
Total N accumulated in the root biomass was less than that in the shoots
in Asendorf in 2016, 2017 and Triesdorf in 2017 and amounted to
30 kg Nhal. In Asendorf in 2015 and Triesdorf in 2016, however,
biomass-bound N in the roots was exceptionally high, thus contributing
between 60 (Triesdorf in 2016) and > 200 kg N ha (phacelia in
Asendorf in 2015) to the overall biomass N. In Asendorf in 2015, we
assume that the fiber mat cover may have led to higher soil temperatures
and thus higher N mineralization in the topsoil, resulting in increased N
uptake by those species with large topsoil root biomass (phacelia and
oat; Heuermann et al., 2019). In that environment, high root biomass
was coupled with high root N concentrations, while in Triesdorf in 2016,
high root N concentrations primarily drove high root N stocks (Table 3).
Obviously, root N dominated over shoot N in terms of contribution to the
overall N content in the catch crop biomass in Triesdorf in 2016 (Fig. 2).
However, over all test environments, there was no relation between the
soil Npin stocks and N accumulation by the catch crop roots (Table 4).

In general, the root biomass-bound N varied little among species
when total root N was low. The root N of either species contributed
approximately 17-33% to the total biomass-bound N (Fig. 2). When the
root biomass-N was large, differences among species became evident,
such as in Asendorf in 2015, when 71% of plant-bound N was found in
the roots of phacelia, or in Triesdorf in 2016, when oat roots captured
89% of the overall biomass-N. In general, none of the species out-
performed the others in terms of root N, and even clover dominated root-
bound N once in Triesdorf in 2017. Thus, a high performance in accu-
mulating N in the root biomass depended less on the species (R;,=0.06)
than on the growth conditions, in particular the year (Ry= 0.33) with a
Ry of 0.40 (S1 Table). Correlations between the soil Ny, stocks and
ratios of root N to total biomass-bound N showed a negative trend in all
catch crops as well as in the mixture (Table 4). This indicates that all
species tended to increase their N capture in roots relative to total N
capture when soil N was limited.

Regarding the catch crop mixture, the root biomass N was either
higher than in single species or among the highest but never > 20% less
than the root N fixed by the best single catch crop. The mixture was
estimated to accumulate the largest amounts of root N over all
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environments (Fig. 2). A closer look revealed that this superior behavior
of the mixture resulted from the N share contributed by different species,
including phacelia and mustard as well as clover. When these three
species accumulated the largest amounts of root biomass-N in pure
culture, i.e., in Asendorf in 2015 and Triesdorf in 2016 and 2017, they
also contributed the largest amounts to root biomass N in the mixture.
Only oat failed to translate its large N pool into the root biomass
(Asendorf in 2015 and Triesdorf in 2016) from the pure culture to the
mixture.

3.4. Phosphorus accumulation in the root and shoot biomass of different
catch crops

The accumulation of P by the different catch crops showed more
variation than that of N and robustly followed a species-specific order. In
four of the five environments, phacelia was most effective in above-
ground P enrichment, followed by oat, mustard and clover (Fig. 3).
Across all environments, phacelia and oat were estimated to accumulate
12.5 and 10.5kgPhal, respectively, while mustard and clover
captured only 45-72% of that P. Belowground, the BLUE for P accu-
mulation in clover was 4 kg P ha'l, which was the least amount of P,
while phacelia, mustard and oat enriched 10.5, 8.0 and 6.8 kg P ha'l,
respectively. In these species, the contribution of the roots to the overall
biomass-bound P was between 23% and 52%, except for Triesdorf in
2016, when the roots fixed 3.5-5.7 times more P than the shoots. Since
shoot biomasses were similar, at least among the nonlegumes, the P
concentrations largely determined the species’ ability for P enrichment.
In all species, the shoot P accumulation was in trend positively associ-
ated with the soil Pe stocks before sowing (Table 4). Compared to N,
however, the values for r were weaker. This may be related to the fact
that, compared with the Ny, fraction, the P¢x method Mehlich 3 not
only directly yields plant-available inorganic P but can also extract
organic and tightly soil-bound P forms that may not contribute to plant
nutrition (Cade-Menun et al., 2018).

Phacelia was generally most efficient in belowground P accumula-
tion (Fig. 3). In the dry year 2016, mustard followed phacelia in root P
accumulation, while oat performed better in the humid autumn in
Asendorf in 2017. In Triesdorf in 2017, there were no differences in
belowground P contents among all pure stands. Similar to N, the root P
accumulation and the ratio of root P to total plant P were not associated
with soil Pex pools in any of the catch crop variants (Table 4).

In three out of four tested environments, the mixture captured most P
in its root biomass (Fig. 3) and its estimated mean for root P across all
environments was significantly higher than that of clover (p < 0.05).
The total P contents in the mixed stand mainly depended on mustard and
phacelia. In Asendorf, the total P accumulation by the mixture was al-
ways as high as that in the best-performing pure stand, while in Tries-
dorf, the mixture even outperformed the pure stands. Thus, the mixture
showed the most robust potential for P carry-over in both, roots and
shoots.

4. Discussion

In recent years, German legislation has increased the number of legal
restrictions for nutrient and fertilizer input in agricultural plant pro-
duction. Amongst others, these restrictions are based on the site-specific
monitoring of N and P fertilizer inputs and provide a guide value for P
inputs and a threshold for N, an upper limit for N application via organic
and organic-mineral fertilizers of 170 kg ha™! or the reduction of the N
fertilizer requirement by 20% in areas with high nitrate levels in the
groundwater (German Federal Ministry of Food and Agriculture, 2020).
Against this background, catch crops have become an instrumental
component in planning nutrient budgets in crop rotations. Therefore,
understanding the nutrient carry-over potential of individual catch
crops is essential for performing reliable estimates of fertilizer regimes in
target crops. Here, we place emphasis on the contribution of roots and
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validate the hypothesis that catch crop mixtures show superior robust-
ness in N and P capture across varying environments than pure stands,
especially when root biomass is considered.

4.1. Impact of environmental conditions on the nutrient pools captured by
roots

The present field study found that the roots accumulated
~20-105 kg N and 4-15 kg P ha™! (BLUEs) in their biomass, which ac-
counts for 26-46% of the total plant N and 36-48% of the total plant P
(Fig. 2, Fig. 3). These numbers emphasize the importance of the
belowground nutrient pool for the overall nutrient carry-over potential
of catch crops. Considering that nutrient accumulation is a product of
biomass formation and nutrient concentration, the ratio of root biomass
to total plant biomass has a strong impact on the below-ground nutrient
pool. Across the five environments tested here, this ratio was less
dependent on the catch crop species than on the environment (Fig. 1, S1
Table). Large variations in biomass formation and root:shoot ratios
across environments are common in many species and have been
revealed by different approaches that estimate root and shoot biomass
separately, such as allometric methods in woody plants (Xing et al.,
2019), 13¢ isotope labeling (Subedi et al., 2006) or metadata analyses in
annual plants (Hu et al., 2018). Relative to the biomass, nutrient con-
centrations in the shoot and root tissues varied less with environmental
conditions and thus represent the more stable factor when estimating
the nutrient transfer potential of catch crops (Fig. 2, Fig. 3).

Here, we observed considerable variation in the contribution of the
root N pool to total biomass-N, which ranged between 17% and 71% in
oat or phacelia at the experimental station in Asendorf or between 17%
and 33% or 76% and 89% over the two years in Triesdorf (Fig. 4). These
differences were apparently not driven by the soil Ny, status alone
(Table 4). In Triesdorf in 2016, high root N:total plant N ratios resulted
from high root biomasses, which were consistent with the extremely low
shoot biomasses of all species (Fig. 1, Fig. 2). In this vegetation period,
low precipitation together with comparatively low soil Ny, levels on
the sandy clay/loam soil in Triesdorf (Table 1, Table 2) might have
forced plants to invest more resources into root foraging for water (Xu
et al., 2015) and nutrients at the cost of shoot development (Giehl and
von Wirén, 2014). Also Komainda et al. (2016) reported that the
contribution of the root-N pool to the total biomass-N captured in rye
(Secale cereale) and Italian ryegrass (Lolium multiflorum) increased from
~15-20% to ~35-40% when the root:shoot biomass ratio increased
under lower rainfall (Komainda et al., 2016). Notably, low precipitation
also occurred in Asendorf in 2016; however the soil Ny, stocks were
very large. There, the share of roots in total plant N accumulation was
only ~20% (Fig. 2, Table 1, Table 2). This observation suggests that in
nonlegumes the contribution of root-bound N to overall biomass-N in-
creases if both, soil Ny, and precipitation, are low. Then, the root N
pools with their ~75 to ~90% share of total plant N (Triesdorf in 2016)
gained even more importance for the overall N transfer potential of a
catch crop.

The extraordinarily high root:shoot biomass ratios in Triesdorf in
2016 also drove the large contribution of root-bound P to overall plant P
(Table 2, Table 3, Table 1, Fig. 1, Fig. 3). Roots accounted for 77-89% of
the total plant P, while in 2017, only 33-47% of the overall plant P was
bound in roots (Fig. 3). During the dry season of 2016 in Asendorf, the
root biomass of mustard and its P content increased relative to the shoot,
while less P was captured in the roots of phacelia and oat than in the
shoots. One reason might be that in the dry year, diffusion of soil
phosphate to the root surface was low (Lambers et al., 2006), resulting in
lower P acquisition by roots in species whose P enrichment is usually
high (Fig. 3, Eichler-Lobermann et al., 2008). Notably, under these dry
conditions in Asendorf, mustard had the highest root P concentration
among the nonlegumes, while in the other test environments, phacelia
showed superior root P concentrations (Table 3). The high performance
of phacelia and oat in root P accumulation may also be due to a
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relatively high root length density, which enhances the soil volume that
can be exploited, especially for nutrients that reach the root surface via
diffusion, such as P and potassium (Wendling et al., 2016). Across en-
vironments, the total root P accumulation followed the pattern of P
concentrations (Table 3) rather than root biomass (Fig. 1). Therefore, we
conclude that high P concentrations in the root tissue are a dominant
factor or even a prerequisite for high P capture by the roots and that a
certain availability of water is required for P acquisition by high
P-enriching species.

4.2. Synergistic effects allow catch crop mixtures to outperform pure
cultures

Since the amount of nutrients bound in the total biomass of purely
cultivated catch crops was strongly affected by the growth conditions, it
is difficult to recommend a single species for maximum nutrient capture
(Fig. 2, Fig. 3). Therefore, we determined the nutrient uptake of the four-
species mixture, which is technically more complicated than that of pure
stands because discriminating the of roots of individual species is chal-
lenging. Nonetheless, by using different methods to assign roots to in-
dividual component species, previous studies have shown that some
species (Polley et al., 1992; Mommer et al., 2010) and even genotypes
(Streit et al., 2019) are more competitive in mixtures than others, that
competitor strength can vary during the duration of plant cultivation
(Robinson et al., 2010) and that growth conditions have an impact on
the relative increase or decrease in the root and shoot biomass of indi-
vidual component species (Mommer et al., 2010; Streit et al., 2019).
Also here, the environment affected strongly the individual contribu-
tions of the root or shoot biomass by mustard, phacelia, oat or clover to
the total biomass of the catch crop mixture (Fig. 1). Nonetheless, we
identified mustard and phacelia as more competitive at our experi-
mental sites than the other two species. In fact, the biomass formation of
clover and oat in the mixture was largely repressed by mustard and
phacelia (Heuermann et al., 2019).

Mustard and phacelia together contributed ~40-95% of the total N
fixed in the roots and ~60 to almost 100% of the total N captured in
shoots of the mixture (Fig. 2). Since mustard showed similar or even
lower N concentrations in the mixture compared to pure stands
(Table 3), its high performance was mainly related to high biomass
formation (Fig. 1). In phacelia, the N concentrations were significantly
higher (p < 0.05) or showed a stronger trend in the mixture (Table 3),
indicating that cultivation of phacelia in a mixture with the other
investigated species increases its N acquisition efficiency. A similar
observation was made regarding P accumulation (Table 3, Fig. 3). In
mixtures, synergistic effects arising from the co-cultivation of different
species may improve nutrient acquisition, e.g., by microbiome changes
that mobilize nutrients, by establishing symbiotic mycorrhizae that help
to acquire P and may even transfer N from one to the other species, by
enhancing soil P mobilization when organic acids or P-mobilizing
compounds are released or when component species acidify the rhizo-
sphere (Hinsinger et al., 2011). The extent to which these mechanisms
played a role in our mixture remains to be investigated. Nonetheless, we
expect the contribution of oat and clover to P mobilization via rhizo-
sphere acidification and the release of organic acids or P-mobilizing
compounds as rather low because their root biomass formation was
strongly repressed in the mixture (Fig. 1). Furthermore, we consider
functional niche differentiation among species (Mommer et al., 2010) of
less priority here, as the two dominating species mustard and phacelia
shared the same root niches along vertical soil profiles (Heuermann
et al., 2019).

Across all tested conditions, we found that nutrient capture by the
mixture was similar or even better than that in the best-performing pure
stand (Fig. 2, Fig. 3). In general, those species that coped better with
varying environmental conditions in their pure stands also contributed
most to the mixture. When mustard and phacelia accumulated equal
amounts of nutrients, they also contributed proportionally to nutrient
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fixation in the mixture. However, when environmental conditions were
better for nutrient accumulation in oat or clover than in the other two
species as in 2017, the former species also made large contributions to
nutrient capture of the mixture (Fig. 2, Fig. 3). This observation supports
the view that mixtures of different species exhibit higher durability and
resilience to unfavorable growth conditions than pure stands due to
compensatory effects among species (Wortman et al., 2012; Elhakeem
et al., 2019; Khan and McVay, 2019). Moreover, our results indicate
superior robustness of catch crop mixtures regarding nutrient carry-over
potential via both the shoot-bound and root-bound nutrient pools. Thus,
the root-bound nutrient pools of catch crop mixtures attain an important
function in sustainable agricultural management practices to optimize
and fully exploit nutrient carry-over potentials in variable environ-
ments, which become more frequent with global climate change.

4.3. Importance of nutrient capture by the mixture for nutrient
management in crop rotations

Residual plant N, which remains in the field after harvest, is a major
problem in the cultivation of crops, as losses to the hydrosphere, espe-
cially in the form of leachable nitrate, can cause environmental prob-
lems such as eutrophication or hypoxia (Galloway and Cowling, 2002).
Postharvest Np,ip, pools in the soil have been reported for various crop
species and range, for example, from 24 to 45 (McEwen et al., 1990)
over ~65 (Maidl et al., 1991) up to 103 kg N ha in wheat (Sieling and
Christen, 2015) or from 43 to 67 (McEwen et al., 1990) to 148 or
121 kg N ha'! in field bean (Vicia faba) and pea (Pisum sativum; Maidl
et al., 1991), respectively. For potato (Solanum tuberosum), soil nitrate
pools of 35-159 kg ha'! were measured (Widdowson et al., 1987), while
maize (Zea mays) left 41-164 (Ferguson et al, 2002) or even
97-208 kg ha! of soil nitrate after harvest (Liu et al., 2017). In the
present study, we found that the mixture of mustard, phacelia, oat and
clover was more stable in terms of nutrient accumulation than the in-
dividual catch crop species (Fig. 2, Fig. 3). Across all environments, the
mixture was estimated to accumulate 172 kg N ha'! in its total plant
biomass. Considering that the residual N after the abovementioned crops
was mostly below the BLUE determined here for the 4-species mixture,
the present mixture represents an efficient tool to manage residual N
from a wide range of crop species.

Total P accumulation in the biomass of the catch crop mixture was
estimated to be 29 kg h'! (Fig. 3). The advantage of P captured in catch
crop biomass is its plant-available form, which generates a readily
accessible P source for the following crop, especially when compared to
inorganic rock phosphate (Eichler-Lobermann et al., 2008). Several
studies reported the uptake of ~10-35 kg P ha! by various crop species
during their cultivation, e.g. 26.8-34.4 (Krey et al., 2013) or
35.2kgP ha! in maize (Setiyono et al., 2010), 9.4-12.1 (Rehim et al.,
2015) or 13.6-33.4 kg P ha! in wheat (Sandana and Pinochet, 2014),
4.4-15.8 (Poulton et al., 2013) or 23.5-28.6 kg P hal in barley (Nelis-
sen et al., 2015), 9.9-28.9 (Sandana, 2016) or 16.9-23.3 kg P hal in
potato (Zarzecka and Gugata, 2010) and 4-14 (Ryan and Angus, 2003)
or 15.5-29.8 kg P hal in field pea (Sandana and Pinochet, 2014).
Actually, these numbers are consistent with the total P captured by the
catch crop mixture in our study (Fig. 3). Thus, the present mixture of
mustard, phacelia, oat and clover can almost fully meet the total P de-
mand of a major following target crops. However, it must be kept in
mind that the degradability of the plant material, as determined e.g. by
its C:N ratio, also determines its mineralization kinetics and thus the
amount of nutrients released over time (Thorup-Kristensen et al., 2003).
In this regard, catch crop mixtures promise shorter degradation periods,
especially if they contain legumes with narrow C:N ratios and species of
different metabolic compositions that may balance and increase mi-
crobial activity.
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