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Abstract: Crossing annual cereals, legumes, and oilseeds with wild rhizomatous relatives is used to
create perennial lines that fruit over 2-3 seasons. Contrary to annual crops, the year-round vegetation
cover should contribute to carbon sequestration, soil formation, and root mineral preservation.
Soil erosion, nutrient leaching, and labor expenses may be reduced. While deep-rooted grasses
actually inhibit nitrate leaching, advantages in nutrient storage and soil formation are not yet shown.
Therefore, the turnover of organics and minerals in the perennial goldenrod was compared with
that of winter wheat between blooming and resprouting (28 February) by gravimetry and ICP-MS.
From blooming (23 August) to harvest (13 November), goldenrod stalks of 10,070 (given in kg ha™1)
lost 23% by dry weight (DW) and released 14.9/9.6/65.7 in NPK and 2193 in water-soluble organics
via leaching and root exudation. Apart from a transient rise of 28.8 in N around 13 November,
the stubble/rhizome system held CaKMg(N)P stable at a level avoiding metal stress from 23 August
to 28 February. Filling seeds in wheat excluded net losses of minerals and organics from anthesis
to harvest (23 July). Stubbles (16 cm) and spilt grains of 2890 represented 41.8/2.91/62.5 in NPK
and lost 905 in biomass with 25.4/1.8/59.8 in NPK to the soil by 28 February. In wheat-maize rotations,
ploughing was avoided until early March. Weeds and seedlings emerged from spilt grains replaced
losses in stubble biomass, N, and P but left 40.5 in K unused to the soil. In wheat-wheat rotations,
organics and minerals lost by the down-ploughed biomass were replenished by the next-rotation
seedlings that left only 18.3 in K to the soil. In summary, off-season goldenrod rhizomes did not store
excess minerals. The rate of mineral preservation corresponded with the quantity of the biomass
irrespective of its perennial habit. Released water-soluble organics should foster microbial carbon
formation and CO, efflux while soil improving gains in humate C should depend on the lignin
content of the decaying annual or perennial biomass. Clues for NPK savings by perennials were
not found.

Keywords: permaculture; perennial seed crops; goldenrod; rhizomes; mineral storage; leakage;
soil carbon; stubbles; wheat-maize rotation

1. Introduction

The current world production of annual cereal crops in the order of 2500 Mio Mg is bound to
nitrogen (N), phosphate (P,O5), and potash (K,O) applications of around 187 Mio Mg [1] and stabilized
with 2.64 Mio Mg agrochemicals such as herbicides, pesticides, fumigants, and plant growth regulators
as given for 2012 [2]. This ambiguous but indispensable performance of the pervasive agricultural
industrialization is a consequent response to the needs of a growing world population in staple food,
energy, and industrial products. It is paid with drastic losses in the biodiversity [3,4] and leads to soil
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loss by wind erosion and rising salinity under the conditions of rainfed cropping [5,6]. It results in soil
heavy metal (HM) contaminations by the application of sewage sludge, husbandry sludges, and AsCdU
contaminated phosphate fertilizers [7,8] followed by P run-off, nitrate leaching, and groundwater
pollution [9-11]. With an estimated annual loss of 300 Mt of soil organic carbon, the conventionally
run European croplands lose with their physico-chemical and microbiological properties a major
determinant of crop productivity [12] irrespective of current humus conservation practices [13].

Some of these drawbacks may be overcome with the development of cereals, legumes, and oil
seeds that bear fruit over several consecutive years in a more sustainable and ecologically compatible
permaculture system [14-16]. Perennial relatives for cross-breeding with annual accessions are known
for barley, corn, pigeon pea (Cajanus cajan L.), rice, rye, sorghum (Sorghum bicolor L.), soybean,
sunflower, and wheat [17-20]. Worldwide attempts to derive perennial wheat lines from annual
cultivars via hybridization and selection had been prompted by the respective work of Tsitsin [21]
with Agropyron and Elymus spp. in the early 1930s. In these attempts, the production of a stable
germplasm base remains accidental. The genetic basis of the plants’ perennial habit is hardly to
determine with the current lab tools [18]. To date, the small seeds of the recently domesticated
intermediate wheatgrass IWG), Thinopyrum intermedium (Host) Barknorth & D.R. Dewey (Kernza®)
remain the only commercial perennial cultivar [22,23]. Its grain yields reach 4.5% in the first and 33%
(2.5 Mg ha~!) in the second year of cultivation as compared with annual wheat lines [19,24].

Perspectives for the use of dryland and marginal areas are reported for perennial cvs.
of pigeon pea, sorghum, upland rice, and wheatgrass/wheat hybrids [15,19,25,26]. The year-round
vegetation cover may contribute to carbon sequestration and soil formation and reduce erosion
and nutrient leaching like the expenses for labor, tilling operations, and seed but less for weed
and pests control [22,27]. Actually, wheatgrass root systems reaching down to 90-240 cm prevent
nitrate leaching in heavily fertilized arable [24] whereas the central feature of the postulated soil
building by organic carbon (Corg) enrichment has not yet been proven [28]. Switchgrass farming over
four years caused organic carbon losses of 0.04-0.47 Mg ha~! at a depth of 5-15 cm but small gains
at 90-120 cm [29]. Nevertheless, there are experiences that soil C and N levels decrease by 40%-50%
and more after conversion of grassland to arable [30]. Are then perennial crops actually superior to
annuals in stabilizing soil carbon and minerals?

The question was addressed with a comparison of the postharvest biomasses from the perennial
Giant goldenrod (Solidago gigantea Ait.) and a common annual wheat crop. Goldenrod plants 150220 cm
tall form nearly monospecific populations of 10-11.8 Mg ha~! by dry weight (DW) on non-mowed
rangeland in Europe over decades [10] and can be used as low-mineral biomass feedstock with 5%-12%
latex [31]. The stalks blooming in August turn brown, dry, and dead by early November and lose
leaves and seed-bearing panicle structures, as well as soluble minerals and organics in standing position
over 1-3 years. The static live rhizomes bear the major stock of postharvest minerals. The rhizomes consist
of a woody appendix of the stalk equipped with poorly branched lateral roots and form 10-25-mm-long
stem buds in late October, the precondition for harvesting the dead stems without impairing the next
rotation regrowth. Rhizomes as potential sink tissues may be flooded with organics and minerals during
the autumnal senescence of the aboveground biomass. The annual wheat crop analyzed in a case study
came to an overall biomass of 15.960 Mg ha~! DW. The postharvest biomasses as carriers of the organically
bound carbon and mineral resources comprise the gradually decaying stubbles, seedlings grown up from
spilt wheat grains with common weeds as a kind of an accidental catch crop, and sometimes the emerging
biomass of the next-rotation crop. Their combined storage potential in carbon and minerals during
the off-season, impaired by decay and leaching, has neither been quantified as such nor in comparison to
a rhizomatous perennial such as goldenrod.

As recently reviewed [10], beside Ca, Mg, and the set of (essential) trace minerals, N and P > K are
the main growth-limiting plant nutrients [32,33]. They are translocated from senescing sink tissues to
growing plant sections, seeds, and rhizomes by phloem transport. Maillard et al. [34] recorded growth
cessation in lower leaves of grain crops at around 40% of their life span and initiation of senescence,
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followed by a drain of nutrients, at midlife. Proteins and nucleic acids are enzymatically degraded
to phloem-mobile compounds [35-37] to result in N relocation rates of 40%—90% in seed crops [34].
Phosphorus was relocated at a rate of 60% in leaves of Salix [38]. In tree leaves, Ca was not relocated
and increased throughout the growing season [39,40].

In wintering rhizomes and live aboveground residues of herbs, the distribution of stored
minerals has received less attention. In general, foliages of alfalfa and grasses showed diminishing
mineral resources in later growth stages [41-43]. The N content of the perennial switchgrass
(Panicum virgatum L.) envisaged as bioenergy crop decreased during the autumnal senescence and rose
accordingly in the underground tissues of crowns and roots [44,45]. Ferchaud et al. [46] compared
the percentage of N binding by the perennials switchgrass and Miscanthus x giganteus with sorghum
and triticale as annual crops. The respective plant sets contained 13%-34% vs. 34%-39% of 1°N in
the herbage, and 36% (43 kg N ha~! year!) vs. 19% (12 kg N ha~! year~!) in the soil-root-stubble
region. Perennials stored as little as 12% of >N (14 kg N ha~! year™!) in rhizomes. In seagrass
(Posidonia oceanica (L.) Delile), too, the storage potential of rhizomes contributed little to the seasonal
N and P budget [47]. The permanent leakage of cell constituents and the discard of plant debris are
therefore the major routes of mineral return to the environment.

In addition to the exudation of N and P compounds, as well as of carbohydrates, organic acids,
and phenols by the root systems [48-50], herbages exposed to rain, dew, and mist released sugars,
amino acids, organic acids, pectins, and phenolics, too, increasingly from senescing aboveground
tissues [51-53]. Submerged wetland plants lost 13-55 g C kg~! dry weight (DW) in 35 days [54].

The loss in minerals was greatest for monovalent cations such as K and Na, less for divalent ones,
and least for organic N and P compounds [32,55]. The canopies of deciduous and evergreen trees
lost approximately 15% of their annual above-ground nutrient return in N and P, and 48%-59% in K,
to the soil by leaching [56].

For the comparison of a perennial and an annual crop with a comparable biomass production
and a definitively dead aboveground biomass at maturity, plant samples of goldenrod from
a homogeneous 30-years-old population were excavated with their root systems. The postharvest
biomass of a field crop of winter wheat served as the annual counterpart. Based on the temperate
climate of Central Germany, the stubble cover joined by seedlings emerging from spilt grains was left
undisturbed until the restart of the next growing season (28 February) in a wheat-maize rotation
model (A). In a wheat-wheat rotation model (B), the postharvest biomass was ploughed down prior to
seeding. It was the goal to monitor the mineral retention by the respective biomass components during
the off-season to check the prognosticated superiority of perennial crops in mineral preservation
and soil organic enrichment.

2. Materials and Methods

2.1. Plant Sources

In the outskirts of Jena (Germany), an undisturbed colony of giant goldenrod had grown
up along a tram line after its completion in the 1980s. In 2009, the plants had reached 2.10 m
in length on the non-contaminated soils of alluvial river sediments and reduced the portion of
accompanying grasses to an estimated 2%-4% of the total biomass (Figure 1). An area of 36 m?
was marked for the consecutive collection of plant and soil material starting in August 2015.
Winter wheat cv. Kavalier established on a non-contaminated arable soil derived from mottled
sandstone was harvested with a New Holland CX 6090 Elevation harvester (New Holland Agiculture,
Torino, Italy) on 23 July 2017. The harvestable straw cut across a width of 8.50 m was discharged on
strips 1.60 m wide. On 19 September, the 1.60-m discharge was marked by the dense regrowth
of wheat emerging from spilt grains. The lateral strips mainly bore common weeds (Figure 2).
The respective biomasses were determined and their mean was referred to 8.50 m.
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Figure 2. Postharvest situation of the wheat crop in late September. Weeds in the 9-m cutting

span of the harvester thresher accompany the dense chlorotic regrowth of spilt wheat grains within
the former 1.6-m wide straw discharge.

2.2. Soils

The undisturbed loamy alluvial river sediment of pHaqu 7.6 and Corg 2.8% (soil A) was separated
from excised root balls of goldenrod while the arable postharvest soil from the wheat crop of pHaqu 6.85

and Corg 1.55% (soil B) was taken from the 20-cm plough layer within a 40 x 40 m plot on 25 July 2017
(Table 1).

Table 1. Mean values soil mineral concentrations (mg kg*1 by dry weight (DW)).

Soil Type As Ca Cd Cr Cs Cu Fe K Mg
A 111 44,520 0.35 317 191 322 24170 3130 8320
B 3.62 1056 0.105 12.9 0.990 8.4 6592 1749 1364

Soil Type Mn Ni NOs3-N NH4-N P Pb Sr U In
A 750 31.3 68 ND 685 37.7 150 1.18 84
B 198 6.49 0 27 385 9.4 ND 0.547 33.1

Note: ND—not determined.

2.3. Processing Plant Samples of Goldenrod

Duplicate sets of 3540 neighbored plants were excavated with their complete root systems in
the stage of blooming (23 August 2015), senescence (13 November 2015), and decay or resprouting
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(28 February 2016). The soils adhering to the root balls were separated, air-dried, and sieved (0.8 mm).
After intensive rinsing of the herbage, size and DW details were determined prior to, and after
the dissection into rhizomes and their lateral roots, as well as into lower, medium, and upper stems,
leaves and panicles. The duplicate samples milled for analyses (Pulverisette 14; Fritsch GmbH,
Idar-Oberstein, Germany) were prepared from root and shoot tissues carefully washed with deionized
water from at least 12 whole plants each.

2.4. Processing Plant Samples of Wheat in Two Crop Rotation Models

The wheat crop of cv. Kavalier (1000 seeds fresh weight, 38.4 + 1.8 g) sown with a row
spacing of 5 inches left 16-cm long rooted stubbles in a density of 800 m~2 (806 + 149). Spilt grains
of 132 + 10 kg ha~! fresh weight founded, together with some common weeds, the postharvest vegetation
that contributed to the mineral preservation of the gradually decaying stubbles. For the crop rotation
model wheat-maize (A), both stubbles and the undisturbed vegetative regrowth were monitored
from the harvest on 23 July to 28 February with regard to biomass and mineral content per ha.
The wheat-wheat rotation model (B) comprised the ploughing-down of the biomass on 28 September
and seeding to cv. Bussard on 4 October in densities of 400 grains m ™~ (resulting in 378 4 50 seedlings)
and a row spacing of 5 inches by avoiding fertilizer input. Samples of 20 g straw residues and green matter
were enclosed in 12 nylon bags each and buried in situ. Their decay was followed to calculate the rate
of mineral preservation from the buried organics and the wintering whole seedlings. Triplicate plant
samples were washed with deionized water and dried for analyses. The rainfall amounted 245 mm
between 28 September and 28 February.

2.5. Mineral Concentrations in Soils and Plant Tissues

Mineral concentrations were determined for duplicate aqua regia-extracted 5-g samples of soils,
whereas 0.3-g samples of milled plant tissues were microwave-digested in HNO3 (4 mL) and H,O,
(1 mL) (Mars Xpress; CEM GmbH, Kamp-Lintfort, Germany) and diluted to 150 mL with bideionized
water. The solutions were analyzed by Inductively Coupled Plasma Mass Spectrometry (X series
ICP-MS, Thermo, Waltham, MA, USA). The resulting detection limits (in mg 1<g’1 DW) were as follows:
0.0005, Th; 0.002, CdCoCsU; 0.005, Cr; 0.01, AsMnPb; 0.02, CuSr; 0.03, BaNiZn; 0.04, Fe; 0.1, AlMg; 0.4,
KNa; 1, P; and 3, Ca.

2.6. Nitrogen Compounds

Duplicate soil samples (2 g DW, sieve 0.8 mm) were extracted with 0.1 M KCI solution
(1:10, w/v) at 20 °C for 1 h on an overhead shaker. Dried and milled plant samples (250 mg DW)
were infused in 10 mL of 0.1 M KCl solution and left standing overnight. The centrifuged supernatants
(14,000 g, 5 min) were used to determine the NH;* content with Aquamerck ammonium test solution
(Merck, Darmstadt, Germany). The nitrate content was spectrophotometrically quantified at 210 nm
(Helios Beta; Unicam UV-Vis; Cambridge, UK) against a blank sample reduced by copper-coated zinc
granules [57] with maximum deviations of £8% for soil replicates. Organic N in 250 mg of milled
plant samples (referred to as Norg) was determined with a modified Kjeldahl method by using 5 mL
each of HyO, (30%), and HySO4 (96%) in the presence of 0.5 g Kjeldahl catalyst (Fluka, Sigma-Aldrich,
Saint Louis, MO, USA). Values given in nitrogen (N) are then the sum of NO3-N and Noyg, with the latter
comprising NH3/NHy4* and the nitrogen of amino acids and amino sugars [58].

2.7. Weight Loss of Wheat Straw Samples by Standing Infusion in Water

The DW loss of carefully rinsed and pre-dried samples of wheat stubbles exposed to leaching
and decay in the field was determined after their infusion in bideionized water at a ratio of 1:50 (w/w)
at 20 °C for 48 h. The decanted supernatants were centrifuged at 14,000 g for 5 min. Their absorbance
values were determined at A = 340, 450, and 650 nm by spectrophotometry.
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2.8. Statistical Treatments

SPSS 8.0 software (SPSS Inc., Chicago, IL, USA) was used to calculate the standard deviations
(SD) of duplicate to quadruplicate results and linear correlations, and to perform one-way analyses
of variance.

3. Results and Discussion

3.1. Turnover of Organics and Minerals in the Goldenrod Colony

With the collection of the vigorous reference material in the stage of blooming on 23 August,
the stalks of goldenrod growing in densities of 76-128 m~2 (mean, 101 + 17) had reached their
maximum height of 150-160 cm with basic diameters of 4-7 mm. The whole aboveground biomass
amounted 10,070 kg ha~! DW, of which 1085 kg ha~! would come to a potential 16-cm stubbles
region. The dense and intermingled root systems remained fairly stable with 2850 kg ha~! DW across
the growing season (Table 2). Accordingly, the combined roots/stubbles section represented 30.5% of
the whole biomass. It contained 19%-27.2% of the macronutrients CaKMgNP and the trace mineral
Zn, with NPK coming to a total of 78.5 kg ha~! (Figure 3).

Table 2. Goldenrod: Total biomass and minerals (kg ha~! DW) in shoots and roots at blooming
(23 August), maturity (13 November), and resprouting (28 February). ( )—concentrations given in

kg Mg~ ! DW.
Biomass Ca K Mg N P Zn
Biomass at Anthesis, 23 August

. 81.9 143 13.8 98.4 229 0.242
Whole shoots incl. stubbles 10,070 (8.14) (14.2) (1.37) 9.77) (2.27) (0.024)
23.9 35.1 2.73 20.9 5.30 0.070
Whole roots 2850 830)  (123) (0957) (733)  (1.86)  (0.025)
16-cm stubbles section 1085 3.94 12.2 0.405 3.79 1.24 0.015

(3.63) (11.2) (0373) (349)  (1.15)  (0.014)

3935 27.8 473 3.14 247 654 0085
(30.5%) (263%) (26.6%) (19.0%) (20.7%) (232%) (27.2%)

Shoot Biomass at Maturity, 13 November, and Total Offtake by Harvest

79.0 775 8.73 54.7 122 0.271
(102)  (997) (112)  (703)  (157)  (0.035)

Total offtake € 6940 74.9 741 8.36 52.7 11.9 0.255

Roots/stubbles vs. 23 August @

Whole shoots incl. stubbles 7778

Remaining Postharvest Biomass, 13 November

4.10 342 0.368 2.01 0287  0.016
(4.90)  (4.08)  (0.439)  (240)  (0.343)  (0.019)

237 34.9 2.75 497 6.40 0.083
(832)  (122) (0964) (175) (225  (0.029)

3688 278 383 3.12 51.8 6.69 0.099
(34.7%)  (Q7%) (34.1%) (272%) (49.6%)  (36%)  (28%)

Postharvest Biomass at Resprouting, 28 February

449 1.77 0.360 2.10 0234 0014
(536)  (211)  (0.430) (250)  (0.279)  (0.017)

20.0 36.7 1.82 36.3 5.13 0.065
(7.03)  (129) (0.637) (128)  (1.80)  (0.023)

Roots/stubbles 3688 24.5 38.5 218 38.4 5.36 0.079

Note: Total retention by the cropland of biomass and minerals comprises stubbles as part of the whole shoot,
and roots. The respective amounts (%) in biomass and minerals then refer to the sums of total values in whole shoots
and roots at 23 August ® or 13 November P. © Total values of whole shoots without stubbles, denoting the harvested
biomass. Standard deviations in the concentration of minerals range +0.6%-3.4 (—10)%, and those of total values
depending on the per hectare biomass reach +11% of value.

Stubbles 16 cm 838

Whole roots 2850

Roots/stubbles vs. 13 November P

Stubbles 16 cm 838

Whole roots 2850
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Figure 3. Goldenrod: The cropland retention of the minerals (kg ha~!, figures heading the columns)
both in dry 16-cm stubbles and roots during blooming (23 August, (a)), maturity (13 November, (b)),
and resprouting (28 February, (c)). White column segments indicate the sums of minerals in shoots
and roots prior to harvest (K, 178 kg ha—! on 23 August). All columns refer to the zero axis. See Table 2
for details. Error bars indicate = SD. NPK stock in stubbles/roots from 23 August to 28 February
(kg ha=1):78.5,96.8, 82.3.

The brown shoot samples drawn in the stage of senescence on 13 November stood with their water
content of <26% near the fiber saturation point of 17%-18% by DW and had apparently terminated
any exchanges of minerals and metabolites with their living perennial root systems. The aboveground
biomass had dropped to 77% of the 23 August values by the preceding transport of compounds with
the basipetal phloem to the roots, the leaching of organics and minerals that increased from 5%—6% in
green to >28% in dried tissues, and a negligible discard of lower leaves [10]. Thereby, releases of 2.9% in
Ca(3.1kgha~'),36.9% in K (65.7 kgha~'), 30.6% in Mg (5.05 kg ha~'), 12.5% in N (14.9 kg ha~ '), 34% in
P (9.6 kg ha™1), but no Zn by the whole plant between 23 August and 13 November in a predominantly
soluble stage had mainly come from the aboveground biomass. Mineral concentrations in roots had
persisted on the 23 August level, while a temporary input of N at 28.8 kg ha~! raised the sum of NPK
to 96.8 kg ha~! (Table 2, Figure 3).

The harvest on 13 November removed with 89% of the shoot biomass 52.7, 11.9, and 74.1 kg ha~!
or 50.5%, 64%, and 66%, respectively, of the whole-plant NPK. The biomass of 34.7% left
with the roots/stubbles region remained stable until 28 February and represented 27%-49.6% of
the 13 November total mineral stock (Table 2). Its subsequent losses of 11.9% in Ca (3.3 kg ha~'), 30.1%
in Mg (0.94 kg ha=!), 25.9% in N (13.4 kg ha—'), 19.9% in P (1.33 kg ha™1), 20.2% in Zn (0.020 kg ha™ 1),
and a non-significant increase of 0.5% in K (0.2 kg ha~!) from 13 November to 28 February reduced
the sum of NPK to 82.3 kg ha™! (Table 2, Figure 3). Nitrate-N contributed around 2.4% in 23 August
shoots, 8.9% in roots, and 0% in the senescent 13 November shoots to the sum of N reported (Table 2).

With a sum of 83% in CaKMgP and a temporary surplus of 13.7 kg ha~! in N, the root/stubble
system of 28 February remained preferentially below the common 23 August values (Table 2, Figure 3).
The minerals bound by the blooming biomass of 23 August were, therefore, soil-derived and virtually
not supported by resources of wintering perennial roots. Similar deficits in the contribution of
rhizomes of terrestrial and maritime grasses to the plants’ N and P budget seem to be common [46,47].
Whereas in wheat crops the grains may account for up to 45% of the total biomass furnished by
an unbroken allocation of soil constituents until maturity (e.g., [59]), the microscopic seeds formed
by 20,000 per goldenrod plant with a 1000-seed fresh weight of 45-50 mg [60] are no notable sink
of minerals and organics. The shoots” 23% drop in DW from blooming to maturity must therefore
be attributed to a drain in water-soluble organics (95.7%) and the group of CaKMgNP (4.3%, w/w)
no longer in need but virtually not to the discard of solid biomass (Table 2).
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The respective drainable carbohydrates, amino acids, organic acids, pectins, and phenolics may
enter the soil matrix by leaching [51-53], basipetal phloem transport [61], and the subsequent exudation
by roots [48-50]. In their majority, they may rapidly be metabolized and mineralized to CO, by soil
microbiota [62—-64] rather than to contribute to a soil mineral carbon pool. The contemporary input of
minerals from the whole plant (see above) could contribute as little as 0.003%, 0.87%, 0.025%, 9.1%,
and 0.58%, respectively, to the soil aqua regia mineral stock (Section 2.2) in CaKMgNP if completely
returned to the soil. In practice, soil mineral and humic-acid concentrations even tended to decline in
regions of higher plant density and the presence of the slowly decaying two-to-four-years-old stubble
debris placed on the soil surface (data not shown).

Concentrations in Ca(K)MgP of the root/stubble mineral pools from 23 August to 28 February
(Figure 3) remained virtually stable. Nitrogen peaked around 13 November due to a preceding basipetal
phloem transport to decline by, or even after, 28 February. If, like N, the other elements had been
translocated from senescing shoots to the rhizomes, too, their exudation had been completed prior to
13 November, whereas the outflow of N occurring in the form of phloem-mobile amino acids, amides,
ammonium, urea, and allantoin [35-37] was simply not yet terminated (Figure 3). Discussions about
the mineral management in perennials place the focus on N resources. Specific vegetative storage
proteins (VSPs) are deposited in late-season taproots of alfalfa (Medicago sativa L.) and white clover
(Trifolium repens L.) [65,66] to support regrowth in spring. Non-VSPs N resources formed in red clover
(T. pratense L.) and other perennial forage legumes are depleted prior to the next growing season [67,68].

3.2. Mineral Preservation by the Postharvest Biomass of Crop Rotation Model Wheat-Maize (Model A)

The bread wheat crop of cv. Kavalier harvested on 23 July 2017 comprised estimated 7090 kg
grains and 5980 kg of harvestable straw beside 16 cm long rooted stubbles and spilt grains with
a total biomass of 15,960 kg ha~! (DW). The total takeoff included 82% of the biomass with portions
of 220, 32.5, and 128.7 kg ha~! or 84%, 91.8%, and 67.3%, respectively, of the whole-plant NPK.
Biomass residues of rooted stubbles and spilt grains with 18% or 2890 kg ha~! represented 41.8,2.91,
and 62.5 kg ha~! in NPK (Table 3, Figure 4).

70 - 70 - 70 - 70 -
62.5
60 - 60 Eots 60 - 60 -
< e
© .
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< 40 - Ed 40 40 - 34.6 40 - =]
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Figure 4. Rotation wheat-maize: The cropland retention of the minerals (kg ha~!, figures heading
the columns) in rooted stubbles 16 cm, in grains lost during harvest, and in the regrowth of wheat from

Retentions of 23 July

(a)

Retentions of 19 Sept

(b)

Retentions of 1 Dec

(c)

Retentions of 28 Feb

(d)

spilt grains at 23 July (a), 19 September (b), 1 December (c), and 28 February (d). See Table 3 for details.

Error bars indicate + SD. NPK stock in stubbles/roots from 23 July to 28 February (kg ha~!):

107.2,103.8, 61.7, 68.8.
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Table 3. Rotation wheat-maize: Total biomass and minerals (kg ha~! DW) of the harvestable wheat crop,
of 16-cm stubbles (800 m~2), and the regrowth of wheat cv. Kavalier emerging from spilt grains between
harvest and postwinter. () concentrations given in kg Mg~! DW.

Biomass Ca K Mg Norg NO3-N P Zn
Biomass at Harvest, 23 July
Straw without 5980 + 550 13.7 99.3 4.81 53.2 7.00 6.82  0.060
stubbles (229) (16.6) (0.805) (8.9) (1.17) (1.14) (0.010)
Grains 7090 + 670 3.20 294 9.14 160 0(0) 257 0220

(0452) (415) (129) (22.6) (3.62)  (0.031)
382 620 119 316 757 249  0.022

Stubbles 277284 a8y (224) (0431) (114) (273) (0.900) (0.008)
L 0052 0482 0149 2.62 0420  0.004
Spilt grains 16 +9 0452) @150 (1290 2260 °©@ @62 (0.031)
Stubbles plus 2888 -+ 85 387 625 134 £18 (16%) 291 0.026
spilt grains 2 (18%) (18.6%) (32.7%) (8.8%) S o7 (82%)  (8.5%)

Biomass after Emergence of Wheat Regrowth, 19 September

427 130 113 260 0323 301 0.028
(1.90) (5.81) (0.503) (11.6) (0.144) (1.34) (0.013)

372 315 0991 249 0954 412  0.028
(336) (285) (0.896) (22.5) (0.863) (3.73)  (0.025)

Stubbles 2243 + 115

Regrowth 1106 + 7

Biomass at the Outset of Winter, 1 December

400 459 0992 113 0223 0983 0.018
(191) (220) (0475) (54) (0.107) (0.471) (0.009)

258 183 0761 222 0850 320  0.029
(2.87)  (204) (0.848) (24.8) (0.946) (3.57) (0.032)

Biomass at the End of Winter, 28 February

566 267 121 138 . 118 0022
(3.03) (143) (0.650) (7.4) (0.633) (0.012)

3.03 19.3 1.06 27.8 0.340 3.72 0.039
(3.10) (19.7) (1.08) (28.4) (0.348) (3.81) (0.040)
2 Percentages in biomass and minerals refer to whole-plant values of 23 August. Standard deviations in

the concentration of minerals range 4-0.6%-3.1 (—4.5)%, and those of total values depending on the per hectare
biomass reach 5%-7% of value.

Stubbles 2088 £ 107

Regrowth 897 +7

Stubbles 1867 + 44

Regrowth 977 £7

Retaining an undisturbed stubble cover and its sporadic regrowing biomass until early
March is part of a mineral preservation strategy of wheat-maize rotations in temperate climates.
Thereby, the drop in stubble biomass between harvest and 28 February was replenished by
wheat seedlings emerging from spilt grains and by common weeds, referred to as regrowth, to a final
sum of 2844 kg ha~! (Table 3, Figure 5).

With an average carbon content of 49% in wheat straw (range 46.5%-52.6%) [69], the net
input of C to a 20-cm plough layer reached with 1394 kg ha™! 3.75% of soil Corg in early March.
Comparable humus conservation practices monitored on 268 arable sites in West Germany observed
increases in the annual C input from 20 to 133 kg ha~! between 2005 and 2013. The respective soil
organic carbon (SOC) concentrations rose by 4.25% in topsoils but could not prevent a 15% loss
of mineral-bound SOC in subsoils during the test period [70]. In general, annual wheat stubble
applications of 2-3 Mg ha~! as a recommended optimum [71] expand to 10 Mg ha~! in Australia [72].
Cover crops/green manure cultures range 5.3-10 Mg ha~! DW [73,74] to 21-34 Mg ha~! fresh
weight [75]. Of the respective carbon input by crop residues, e.g., in long-term wheat-maize rotations,
8.0%-13.6% from maize residues and 16.5%—28.5% from wheat residues contributed to the SOC pool
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in North China [76]. The ranges correspond with 11%-23% given for the content of the recalcitrant
lignin in wheat residues [77].

5000 -
O Stubbles O Grains
O Regrowth O Seedlings
& 4000 3350
@ 2985
8 000 1 2890 F] an 2844 2690
2 == 2546 =
£ £3
% 2000 4 — ||
]
E —
kel
0 1000 4—
O L) L) L) L) L) Ll

23 July 19 Sept 1Dec 1Dec 28 Feb 28 Feb
A B A B A B A B
Figure 5. Persistence of the biomass from harvest to postwinter in the composition of decaying
wheat stubbles, spilt grains, the biomass regrowing from spilt grains, and the seedlings of
the subsequent crop. A, Crop rotation wheat-maize; B, rotation wheat-wheat. The upper columns do
not refer to the zero axis. Error bars, & SD for the total biomass values heading the columns.

The humid season of late 2017 promoted the drop in stubble biomass with the decay of the lateral
roots by 19 September, losses of whole roots and sheet tissue by 1 December, and a progressive
decay of placed stubbles by 28 February. Substantial losses of the stubble biomass by 33% (Table 3),
its high accessibility to leaching from 7.4% to 3.6% from July to February, and the emerging regrowth
acting as a catch crop determined the retention of organically bound minerals. The N content of
stubbles descended from 39.2 kg ha~! DW with 19.3% NO3-N to 13.8 kg ha~! upon the loss of
the highly soluble nitrate by 28 February, resulting in a total N release of 25.4 kg ha™! to the soil.
The contemporary uptake of N by the regrowth herbage at 28.1 kg ha~! with portions of 1.2%-3.7%
nitrate-N stabilized the organically bound nitrogen in the 34.6-52.2 kg ha~! range across the test
period (Table 3, Figure 4). Amounts of 1.8 kg ha~! in P set free by stubbles did not cover the needs
of 3.7 kg ha~! taken up by the regrowth herbage until 28 February. The K stock of stubbles and spilt
grains dropped by 59.8 kg ha~! or to 4% by 28 February with a daily mean of 0.84 kg ha~! from July
to September.

K resources of the regrowth peaked in September but could not prevent that 40.5 kg ha~!
as the only net losses were released to the soil from 23 July to 28 February. Fluctuations in the stock of
CaMgZn remained negligible (Table 3, Figure 4).

In the prevention of outwash and runoff, the communicating biomasses of stubbles and regrowth
stabilized therefore the pools of trapped CaMgNPZn via release and uptake across the off-season,
while only 65% of the K was liberated to the soil (Table 3, Figure 4). Thereby, the postharvest biomass
of wheat reached with 73%-85% almost that of goldenrod (Tables 2 and 3). Their withholding capacity
in bound minerals was also of the same order (Figures 3 and 4) to indicate similar concentrations of
macronutrients in tissues of both plant systems.

3.3. Balancing Minerals in the Crop Rotation Model Wheat-Wheat (Model B)

On 28 September, the postharvest biomass of stubbles and regrowth in the order of 3349 kg ha~!
DW was incorporated into a 20-cm plough layer. Thereby, inputs to the arable soil with a bulk
density of 1.2 kg L™! reached with 1641 kg C 4.41% of soil Corg, and added 52.2 kg ha~! N bound in
the biomass (Figure 6) to the stock of 64.8 kg ha~! ammonium N (Section 2.2). Biomass components of
K (44.5 kg ha~') and P (7.13 kg ha—!) met with aqua regia stocks of 4198 and 924 kg ha~!, respectively,
in the soil. The mineral content of the gradually decaying surrogate biomass buried in nylon bags
and of the consecutive wheat crop established on 4 October is shown in Table 4. From 28 September
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to 28 February, the biomass of stubbles and regrowth dropped by 30% and 39.5%, respectively,
while that of the seedlings doubled. As seen in detail, DW losses reached 27.7%, 30%, and 34.3% in
stubbles and 36%, 39.5%, and 53.6% in regrown plants from 28 September to 1 December, 28 February,
and 30 April, respectively (Table 4, not all data shown).

70 1 70 1 70 -
L0 52.2 60 60 525
§50{ 445 B 504 452 50 25
2 B3
= 40 40 40
g
2 30 30 30 26.2
o
Es 20 20
<

104-8 | 713 10 A 510

212 l
0 =0 0 A
Ca K Mg N P Ca K Mg N P Ca K Mg N P
Retentions of 19 Sept Retentions of 1 Dec Retentions of 28 Feb

(a) (b) ()

Figure 6. Rotation wheat-wheat: The cropland retention of the minerals (kg ha™!, figures heading
the columns) in rooted stubbles 16 cm and in the regrowth of wheat from spilt grains prior to, and after
ploughing-down on 28 September. See Table 4 for details. Error bars indicate + SD. NPK stock in
stubbles/roots from 19 September (a) via 1 December (b) to 28 February (kg ha~1, c): 103.8, 67.3, 85.5.

Table 4. Rotation wheat-wheat: Total biomass and minerals (kg ha~! DW) of rooted 16-cm stubbles
(800 m~2), the regrowth of wheat emerging from spilt grains (both ploughed down on 28 September),
and the consecutive wheat crop cv. Bussard sown on 4 October. ( )—concentrations given in kg Mg~! DW.

Biomass Ca K Mg Norg NO3-N P Zn

Biomass Monitored on 19 September Ploughed down on 28 September

427 130 113 260 0323 301 0.028
(1.90) (5.81) (0.503) (11.6) (0.144) (1.34) (0.013)

372 315 0991 249 0954 412  0.028
(3.36) (285) (0.896) (22.5) (0.863) (3.73) (0.025)

Biomass at the Outset of Winter, 1 December

759 352 118 209 182 0.022
Stubbles 1622486 ) os 217 726 1290 °@ @12y (0013
518 273 100 144 0013 218  0.026

(7.31) (3.85) (1.41) (20.3) (0.019) (3.07) (0.036)

0817 107 0376 82 173 112  0.009
(3.80) (49.7) (1.75) (38.0) (8.04) (5.21) (0.040)

Biomass at the End of Winter, 28 February

873 345 141 230 205 028
Stubbles 1568 £84 557 550 0900) (147 °@ @31 (018)
696 252 118 144 0064 296 0032

(104) (377) (1.76) (21.5) (0.096) (4.43) (0.048)

200 202 0808 143 0825 178 0.014
(441) (444) (178) (315) (1.82) (391) (0.030)

Note: Total minerals introduced with seeds (153.6 kg ha~! for 400 kernels m~?2) in the order of (kg ha~1) 0.076 (Ca),
1.0 (K), 0.23 (Mg), 3.89 (N), 0.73 (P), and 0.004 (Zn) have not been subtracted from those of the seedlings. Standard
deviations in the concentration of minerals range +0.6%-3.1 (—4.5)%, and those of total values depending on the per
hectare biomass reach 5%-7% of value.

Stubbles 2243 £ 115

Regrowth 1106 £ 7

Regrowth 709 + 26

Seedlings 215 4+ 28

Regrowth 669 + 52

Seedlings 454 £+ 59
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The rapid DW loss of 1112 kg ha~! of the combined biomass until 1 December indicates
a preferential outwash of the water-soluble low-MW substances [51-53] and possibly their
metabolization and mineralization by soil microbiota [62-64] rather than their integration into
non-microbial SOC. Accordingly, peaks in CO, evolution during the first 15 to 30 days of wheat straw
decay were attributed to the mineralization of its soluble C fraction [63,78].

The 33% DW loss of the combined stubble/regrowth biomass from 19 September to 28 February
was accompanied by temporary releases of 87% in K (38.5 kg ha™'), 28.2% in N (14.7 kg ha™1),
and 29.7% in P (2.12 kg ha™!) to the soil but by gains of 196% in Ca, 122% in Mg, and 107% in Zn on
the basis of kg ha~! due to a net attraction of the respective soil minerals by the decaying biomass.
Comparable per hectare increases to 148% in Ca, and, exclusively for stubbles, to 123% in N were
also recorded for the standing and placed postharvest biomass of model A (Table 3). According to
George and Smeins [79], the DW of pasture herbage incubated in litter bags dropped to 56.2% during
345 days, accompanied by 112% and 127% of relative increases in N and net gains to 201% and 251%
in ash by the apparent allocation of soil minerals. Decaying wheat straw of 0.25%—-1% N displayed net
gains to 1.75% [80], attributed to Nj fixation by micro- and anaerobic diazotrophic bacteria [81,82].

The link of bivalent cations to decaying biomass deserves attention. Sound wheat straw [83]
but also humic and fulvic acids released from senescent plants [84] and derived from decaying
biomass [85-87] unite phenolic and flavone units with terpenoids, alkanes, sugars, aliphatic and aromatic
acids, tannins, heterocyclics, alcohols, amino sugars, amino acids, peptides, and proteins. Their reactive
dissociable groups are mainly carboxyl (-<COOH), phenolic, enolic, and alcoholic hydroxyl (-OH),
methoxyl (<OCHjs), sulphydryl (-SH), amino (-NH3), and imino (=NH) type whose protons (H") are
exchangeable with metal cations.

The diminishing down-ploughed biomass was somewhat replenished by that of
the second-rotation wheat seedlings to 2690 kg ha~! or to 73% that of the postharvest residues of
goldenrod (Tables 2 and 4, Figure 5). Their uptake in N and P rebound the respective amounts
released from the decaying biomass completely and withheld 20.2 of the 38.5 kg ha~! in K set
free by the latter to leave 18.3 kg ha~! as the only net input to the soil by 28 February (Table 4).
The resources of CaMgNP in the combined biomass remained therefore stable across the test period
(Figure 6). Moreover, the order of the whole biomass and its capacity to preserve its mineral stock from
outwash during the off-season were as high as those displayed by residues of goldenrod and model A
(Figures 3, 4 and 6).

In dependence on precipitation, temperature, soil type, aeration, N availability, and even
on the retarding presence of cover plants [88,89], wheat residues lost 27%-49% DW
within 2.5-3 months [80,90,91] in accordance with the current results. Gao et al. [92] recorded
losses of 36.6% and 53.7% over 4 and 12 months, respectively, in wheat straw, with the decay rate
decreasing slowly to 12 months upon the enrichment of lignin [93]. The incorporation of 9000 kg ha~!
wheat straw into a 20-cm plough layer accounted for available amounts of (mg kg ! soil) 13in N, 11in P,
and 42 in K [94].

4. Conclusions

Goldenrod joins wheat in the production of an aboveground biomass comparable in quantity
and in the metabolic passivity at harvest. With a DW loss of 23% from blooming (23 August) to harvest
(23 November), water-soluble compounds not required for filling the tiny seeds were released to
the soil as organics and minerals with a portion of 90.2 kg ha~! in NPK via leaching, phloem transport,
and an apparent exudation by the perennial rhizomes. Apart from a transient rise of 28.8 kg ha=! in
N around 13 November, the stubble/rhizome system held the concentrations of CaKMg(IN)P stable
at a level apparently matching the physiological functions from 23 August to 28 February. The rhizomes
did not store excess minerals could incite metal stress effects, making re-sprouting plants immediately
dependent on soil mineral uptake.
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In wheat, the grains accounted for 45% of the whole biomass. The drain of compounds to developing
seeds, therefore, prevented net losses of organics and minerals from anthesis to maturity (23 July).
Fresh stubbles and spilt grains reached 78% of the 13 November stubble /rhizome biomass of goldenrod
but 107.2 kg ha~! (111%) in the sum of NPK. The wheat-maize rotation model delayed ploughing-down of
the biomass until early March, giving rise to a DW loss of the stubble cover by 25% at 1 December and 33%
at 28 February. Seedlings growing up from spilt grains and weeds as an accidental catch crop compensated
the losses in stubble biomass and took up the liberated amounts of N and P completely by 28 February,
but left 40.5 kg ha~! in K unused to the soil. Thereby, the sum of NPK retained by the biomass reached
with 68.8 kg ha~! 84% that bound in stubbles/rhizomes of goldenrod. In wheat-wheat rotations, organics
and minerals lost by the down-ploughed biomass were completely replenished by the next-rotation
seedlings. The biomass reached with 85.5 kg ha~! of NPK 104% that held by the stubble/rhizome system
of goldenrod.

It is concluded that both the bulk of soluble organics released by goldenrod and those degraded
by the rapid DW loss of wheat stubbles in the first weeks of exposure furnish primarily microbial
carbon formation and CO; efflux. The production of soil forming humic substances may correspond
with the content of the recalcitrant lignin in crop residues left by goldenrod and wheat in comparable
quantities to give no clues for higher soil carbon allocations by perennials. Contemporarily, the mineral
stocks of both postharvest biomasses were in the same order, irrespective of their perennial habit.
But whereas the NPK resources of 68.8 and 85.5 kg ha~! in the wheat residues of 28 February
will gradually be released, the respective 82.3 kg ha™! of goldenrod stubbles remain enclosed
as the physiologically functional mineral equipment. A further portion of 90.2 kg ha~! shed by
goldenrod stalks from 23 August to 13 November to the soil (see above) is too small to postulate savings
of NPK fertilizer by perennial crops. On the contrary, the lasting disposability of the shed minerals for
plant uptake is delegated to the buffering capacity of the soil. This does not mean that further exciting
attempts in breeding perennial crops are refused.
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