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Abstract: Although summer cover crops (CCs) have relatively short growing periods, they
can significantly enhance soil health by contributing to carbon (C) and nitrogen (N) cy-
cling. Three summer CCs—including oat, buckwheat, and pea—were planted in June-July
and evaluated for their biomass, allocation of assimilates to roots, C and N yield, and
residue decomposition patterns after termination in a 14-week period. Total biomass
(roots + shoots) was highest in buckwheat (5822 kg ha~1), followed by oat (4836 kg ha™1)
and then pea (20 22 kg ha™1!). Across species, the allocation of assimilates to roots decreased
from 34% at 30 days after planting to 18% at termination. Total C yield was 2409, 1941,
and 808 kg ha~1 for buckwheat, oat, and pea, respectively, with root C content consider-
ably lower than shoot C content. The initial carbon-to-nitrogen (C:N) ratios in the roots
and shoots of pea were substantially lowest among the species and remained below the
25:1 threshold, indicating potential for net N mineralization. In contrast, oat and buckwheat
exhibited initial C:N of 40-50 in roots and around 30 in shoots. These ratios shifted during
decomposition. After a 14-week decomposition period, all CCs had released over 50% of
their root and shoot biomass. However, the release of their C and N did not directly align
with biomass decay. Approximately 70% of the C in roots and shoots of oats and buck-
wheat remained unreleased after 14 weeks. The slow N release from oat and buckwheat
residues suggests potential N immobilization, which could lead to nitrogen deficiency in
subsequent crops.

Keywords: summer cover crops; root—shoot biomass; decomposition rate; C:N; N-yield;
soil carbon

1. Introduction

Improving crop quality and yield in intensified systems while preventing nutrient
loss is a critical challenge in developed farmland [1]. There is a long list of agroecological
benefits due to integrating cover crops (CCs) in cropping systems [2,3], including improving
natural soil fertility, soil physio-chemical properties [4], and consumer health. Moreover,
CCs can be considered as an alternative to synthetic fertilizer to reduce the risk of non-point
source pollution and act as an agent to rejuvenate farms [3,5,6]. To maximize CCs services,
time-sequenced studies can help to quantify various CC species contributions to nutrient
cycling. Summer CCs are often cultivated to cover the soil surface and nourish the soil
between two income-producing crops following the harvest of fall-planted main crops. The
effectiveness of summer CCs after termination is related to their biomass allocation and
nutrient provision.

In areas with cool early summer conditions, such as in the Northeast U.S., there is a
short window between harvesting fall-planted small grains in mid-June and cultivation of a
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second crop in August. Therefore, summer CCs with fast growth, high biomass production,
and distinct agroecological benefits should be identified. Summer CCs are generally known
as high-biomass-producing plants and are efficient in promoting soil health [7,8], mainly
due to the favorable temperatures during late spring and late summer [9]. However, to
maximize their biomass, summer CCs require full growth. For example, Balkcom and
Reeves (2005) [10] reported that Sunn hemp—a summer legume CC—produces 7.6 Mg ha~!
of biomass and fixes as much as 144 kg N ha~!. High biomass production in other summer
CC species has been reported, including 2.8 Mg ha~! for buckwheat [11], 4.0 Mg ha~! for
red clover [12], and 7.5 Mg ha~! for teff grass [13].

The biomass and decomposition rates of CCs can be modulated by many internal
and external factors [14-16]. Cover crop species have a pronouncing effect on biomass
composition and nutrient content; thus, their decay rates can be quite different [17,18].
Cover crop species differ in nutrient content due to four driving factors: Intrinsic N-demand,
efficiency of N-uptake, size of N pool in roots, and the N-Supply pathway. Additionally,
crop parts demonstrate variable biomass and composition above- and belowground.

The roots of CCs play a significant role in adding organic C to the soil, uptaking
nutrients from the soil [19], and (in the case of legumes) fixing atmospheric N [20]. The
amount of C and N released by roots and the contribution of the belowground parts
of CCs to the N requirements of subsequent cash crops depends on their biomass and
composition [21,22], as well as environmental factors. Despite the significant roles that
CC roots play in improving general soil health [22,23], reports are often centered around
aerial parts. In many studies, the amount of biomass and N and C contribution of roots
to nutrient recycling is overlooked. The contribution of roots to soil fertility is even more
neglected when CCs are grown for a relatively short period. Notably, fast acquisitive CC
species may induce stronger rhizosphere priming effects on the decay of their residues [18].

The allocation of assimilates to the roots of CC species differs substantially [24]. For
example, R:S of 18%, 37%, and 11% have been reported for oil radish, winter rye, and
crimson clover, respectively [24,25]. However, reported ratios are often assessed at termina-
tion, when CCs are fully grown [9,26]. Generally, as CCs grow, their R:S declines [27,28],
reaching the lowest ratio at termination. Therefore, for example, between late June (after
harvesting small grains) and mid-August (before a brassica or a small grain such as wheat
or barley is planted), the ratio of root biomass to the aerial part in a short growing period
may be higher; thus, roots can significantly contribute to the soil health and N needs of the
subsequent crop.

Reports indicated that the decay process of aboveground parts is generally faster than that
of belowground parts [29-31]; however, some reports showed a slower rate [32,33], and more
so in no-till systems [34]. This disparity is partly due to differences in biochemical composition
(i.e., tannins and secondary metabolites, lignins, and (C:N) [35-37]. Moreover, mineral-
associated organic matter (MAOM) forms more efficiently from root than shoot residues [38];
thus, root residues foster C stabilization, and release N slower than aerial parts [36,39].

In the current study, we hypothesized that root and shoot decomposition in CCs may
not differ considerably when grown in a relatively short period in a conventional tillage sys-
tem. In addition, in many studies where litter bags were used to monitor the decomposition
trend of residues, the bags were placed near, but still outside of the experimental plots to
avoid the presence effects of other species [40,41]. In the current study, our litter bags were
placed at their own residue species plot and buried in the soil. We postulated that their
decomposition dynamics may show different apexes for different species. For example,
an analogous study of oat residue decomposition patterns at the second stage showed a
slighter decay trend than that of faba bean residue [42]. This was because organic C in
grasses is less protected by their association with minerals than they are by organic carbon
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in legumes [43]. Additionally, oat, pea, and buckwheat are commonly used as summer CCs
in the Northern U.S., and the biomass for these CCs has been reported to be 4.0 Mg ha™!
for oat [44], 4.5 Mg ha~! for buckwheat [45], and 2.5-3.0 Mg ha! for pea [46]. Thus, the
objective of this field-scale study was to quantify biomass allocation to the roots and aerial
parts of these summer cover crops during a relatively short period and, subsequently,
quantify the decomposition trend after termination, as well as the N and C contributions of
roots and shoots to the soil.

2. Materials and Methods
2.1. Experimental Site

A two-year field study was conducted at the Crops and Animal Research and Educa-
tion Farm at the University of Massachusetts Amherst in South Deerfield, MA (42°28'41.9"”
N, 72°34/40.4” W) in 2022 and 2023. The soil of the experimental site is classified as Hadley
fine sandy loam (coarse-silty, mixed, superactive, nonacid, mesic Typic Udifluvent). The
experiments took place on two separate but closely located plots. Each year, a baseline
composite soil sample was collected before CC planting. Select chemical properties of the
experimental plots in both years are presented in Table 1.

Table 1. Select chemical properties of the soil of the experimental plots.

pH Macronutrients (mg kg—1) Micronutrients (mg kg—1)
P K Ca Mg S B Mn Zn Cu Fe
2022 6.6 13.4 80 569 75 5.6 0 1.2 0.9 1.3 21
2023 6.8 19.7 110 757 89 6.8 0.1 2.7 0.5 1.0 1.6

Weather data for the CCs growing period and post-termination (during the decom-
position study) are presented in Figure 1, including the 20-year mean, average monthly
temperature, total precipitation, and growing degree days (GDD). Weather data were
obtained from the weather station located at the UMass Research Farm in South Deerfield,
MA. The experimental plots were rainfed and received no supplemental irrigation.
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Figure 1. Weather-related parameters during two-year experiment at the University of Massachusetts
Agricultural Research Farm, South Deerfield, MA. GDD = (Tmax + Tmin)/2 _T base (10 °C).
2.2. Cover Crop Establishment
CC species were selected based on particular characteristics, such as, their rapid
growth, heat tolerance, familiarity to growers, and suitability in Northeast climate condi-
tions. The three summer CC species selected included pea (Pisum sativum L.), oat (Avena
sativa L.), and buckwheat (Fagopyrum esculentum). Cover crops were planted as monocul-
tures in mid-June using a John Deere BD 1108 grain drill, with rows spaced 15 cm apart.
The CC species, their characteristics, and their seeding rates are presented in Table 2. In
both years, the study was conducted on an experimental block measuring 35 m by 38 m
(for each replication plot: 2.4 x 7.6 m). In both years, the CCs were terminated in late
August using a flail mower, and residues were incorporated into soil using a rototiller
(Figure 2). Details on the CCs characteristics, establishment, and major agronomic practices
are presented in Tables 2 and 3.
Table 2. Select characteristics of summer CCs used in this experiment.
Seedling Rate Root Allelopathy
Cover Crop kg ha-1 Type Characteristic Potential
Fagopyrum esculentum 67 broadleaf/non-legume- Dense, fibrous Reported
Buckwheat non-grass [47]
Pisum liizwm L 67 broadleaf/legume Tap root Not observed
Avena sativa L. . Reported
Oat 100 grass Dense, fibrous [48]

Experimental plot: CCs before termination ~ Experimental plot: CC residue after termination Decomposition experiment

Figure 2. (left) Summer CCs before termination, (center) terminated cover crops using a flail mower,
and (right) placement of litter bags in corresponding CCs. Buried litter bags of roots and shoots are
marked by different flags; red flags indicate roots, and orange flags represent shoot parts.
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Table 3. The sequence of field activities carried out in 2022 and 2023.

Activity Description (2023) (2023)
CC seeding date 23 June 10 July
Biomass measurement July-August July-August
Cover crops termination 23 August 21 August
CC growth duration 60 days 42 days
Litter bag placement 29 August 26 August
CC litter bag study duration 100 days 100 days

2.3. Cover Crop Biomass and Root Shoot Allocation

In both years, a 0.71 m x 0.71 m (0.5 m?) quadrat was used to randomly harvest CCs
from each replication at two growing stages: 30 days after planting (DAP) and late August
before termination (60 DAP). Cover crops were hand-clipped at the soil surface to evaluate
the aboveground biomass. The remainder of the CC plants were carefully dug out. To avoid
missing root biomass and underestimating total plant biomass, we excavated several plants
outside the experimental plots to determine the maximum root depth among the three
cover crop species. Based on these preliminary observations, a depth of 60 cm was deemed
sufficient to capture the entire root system, ensuring accurate biomass estimation. Roots
were transferred to a large plastic container filled with water to remove soil contamination.
Root samples were washed very carefully in a 0.5 mm sieve mesh to capture 95% of the root
biomass [49,50]. Harvested roots and shoots were oven-dried at 60 °C to constant weight.

2.4. Cover Crop Root and Shoot Residue Decomposition Kinetics

Biomass, C, and N release trends from cover crop root and shoot residues were
monitored for 14 weeks. Just prior to CCs termination, 20 plants from each experimental
plot were randomly selected, dogged out, and washed carefully. Fresh samples of roots
and shoots (including leaves, stems, and flowers) were cut into 1 cm length segments and
separately placed in nylon mesh litter bags (12 cm x 10 cm). Equal proportions of roots
(7 g) and shoots (33 g) from all species were placed in corresponding mesh bags (3 CC
species x 4 reps X 6 harvesting time = 72 for each root and shoot). The same amount of
fresh material in litter bags was dried in a forced-air oven to measure the corresponding
dry weight and determine the starting point of the decomposition study. Litter bags
containing roots and shoots were buried 15 cm deep in their corresponding CC species
to mimic a conventional tillage system. Root and shoot litter bags were harvested at 0-,
1-, 2-, 4-, 10-, and 14-week intervals, covering the growing window of a fall-planted cash
crop (29 August-5 December) before freezing. After each harvest, litter bags were gently
cleaned using a brush to avoid soil and other non-target particles. Harvested samples
were transferred to a forced-air oven for 72 h at 60 °C until reaching constant weight.
All samples were finely ground (1 mm screen) using a Foss Cyclotec 1093, Hilleroed,
Denmark, and analyzed for the total N and C contents using the Kjeldahl procedure [51]
and near-infrared spectroscopy.

Statistical analysis:

The experimental design for CCs biomass yield and its residue decompaction kinetic
followed a complete randomized plot (CRP) with four replications. In the CC biomass yield
experiment, data were compared through analysis of variance (ANOVA) using proc-GLM
in SAS studio (SAS version 9.4: SAS Institute Inc., Cary, NC, USA). Mean separation was
conducted using Tukey’s test at p < 0.05 and sliced for the cover crop species. For the
decomposition experiment, trends in mass, N, and C loss were compared across CC species
and plant parts (root and shoot). To meet the assumption of homogeneity of residual
variance in ANOVA, data from the decomposition experiment were normalized and log-
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transformed prior to analysis. For ease of graphical visualization and interpretation, the
results were subsequently back-transformed. Regression analysis was performed using
PROC REG in SAS (SAS version 9.4: SAS Institute Inc., Cary, NC, USA). Tukey’s test
(p <0.05) was applied for mean separation and species-specific slicing. The analysis
considered fixed factors including experiment year, CC species, and plant parts (root and
shoot), while replication was considered a random effect.

3. Results
3.1. Cover Crop Biomass, Root and Shoot Assimilate Allocation, C and N Distribution

Total biomass accumulation and assimilate allocation to roots and shoots differed in
2022 and 2023 (Table 4); however, the relative rankings of CC species for biomass production
remained consistent across both years and in the following order: buckwheat > oat > pea.
Variations in total biomass between 2022 and 2023 were partially influenced by edaphic
factors such as temperature and humidity but primarily driven by differences in planting
dates: 23 June 2022 and 10 July 2023 (Table 2). The earlier planting in 2022 led to seed
production in oat and, to a lesser extent, buckwheat. To mitigate this issue, planting was
delayed by 17 days in 2023.

Table 4. Biomass allocation, N and C yield (kg ha~1) of roots and shoots (% of total biomass) and
nutrients released from three summer CC species, 14 weeks after termination in 2022 and 2023.

Cover Cro Biomass A]T;Z?;:isosn Nutrient Yield Nutrient Released
Year Species P Plant Part (ke ha-1) (%) of (kg ha—1) (kg ha—1 After 14 Weeks)
P 8 g N C N C
Total Biomass
2022 Out Root 1393 4+ 0.1b * 19.49 6.154+0.012  309.6 £0.012 1.30 £ 0.1 81.0 £ 29
a Shoot 6478 £0.18 80.51 59.4 +0.034 1631.14+0.014 32.00 + 0.7 204.7 + 2.1
Buckuheat Root 1992 4+ 0.5°¢ 17.95 874001  410.0+0.02P 3.06 = 0.09 99.1 +0.8
uckwhea Shoot 7027 4+ 0.7 € 82.05 54440048 19992 +0018  14.81 £0.17 4429 4+ 0.8
b Root 205 4 0.1 2 8.08 2.814+002°¢  57.1+£002¢ 137 404 92468
ca Shoot 2567 £ 0.9 A 91.93 449 +005C¢  7513+£001€ 13.63 £ 0.1 190.2 £ 2.5
2023 Out Root 382 4 58.12 19.49 474072 148.4 4+ 2272 1.30 + 0.07 81.0 4+ 1.1
a Shoot 1416 £ 253 A 80.51 404+724  586.4+1032 32.0 £ 0.07 2047 £ 1.7
Buckuheat Root 362 4 41.12 17.95 314032 13490+ 1532 3.06 + 0.04 99.1 + 3.8
uckwhea Shoot 2261 + 46.6 A 82.05 50 £ 10274  999.7 £ 2054 14.81 + 0.3 4429 +1.07
. Root 111 + 12.7°P 8.08 294032 459 +53b 1.37 £ 0.05 92430
ca Shoot 1160 + 52.63 A 91.93 428+194 49050 +£2224  13.63+0.15 190.2 4+ 0.7

* Lowercase letters indicate significant differences among roots within each year, while uppercase letters indicate
significant differences among shoots between years.

As the summer CCs approached termination, the root-to-shoot (R:S) ratio declined
significantly from 34% to 18% (p < 0.001), averaged across all species (Figure 3). However,
the decline in R:S varied among species. Although roots continued to grow, the proportion
of assimilates allocated to roots decreased relative to shoots. For instance, 30 days after
planting (DAP) in July, the R:S declined from 52% to 21% in oat, 14% to 8% in pea, and 35%
to 26% in buckwheat (Figure 3).

The roots and shoots of CCs not only accumulated different amounts of assimilates but
also differed in C and N contents, which were influenced by species, termination timing,
and year (Figures 4 and 5). In other words, C and N allocation between belowground
and aboveground biomass varied significantly among CC species and, to a lesser extent,
between the two years of the experiment (Table 4). At termination in both years, buckwheat
and oat accumulated considerably more C and N in their roots than pea, whereas biomass
allocation to the shoots of pea was greater than oat and buckwheat.
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Figure 5. C:N of roots and shoots of summer CCs at termination time in 2022 and 2023. Green line
indicates C:N = 25:1. Lowercase letters indicate significant differences among roots within each year,
while uppercase letters indicate significant differences among shoots within each year.

These variations in C and N contents between roots and shoots resulted in significant
differences in their C:N, the key indicator of decomposition dynamics. Across both years,
roots consistently exhibited higher C:N than shoots at termination time, regardless of
species (Figure 6). However, the percentage of C in roots and shoots, calculated relative to
their respective biomass, varied between years. For instance, root C content (as a percentage
of root biomass) ranked in the order of buckwheat (19.7%) > oat (15.2%) > pea (6.7%) in
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2022, whereas in 2023, the ranking was oat (20.5%) > buckwheat (11.9%) > pea (8.6%)
(Figure 4). These values are summarized in Table 4, indicating species-specific differences
in root C accumulation.
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Figure 6. Changes in the C:N spanned 14 weeks of decomposition in the roots and shoots of summer
CC species. The green line represents the acceptable threshold level of C:N (25:1). C:N values above
the green line suggest net soil N immobilization, while values below the line tend toward net soil
N mineralization. The growing period in 2022 was 17 days longer than in 2023, but all CCs were
terminated at the same time in August of both years.

Carbon percentages in shoots followed a consistent ranking across years but differed
significantly among species. In 2022, the ranking of shoot C content was buckwheat
(80.3%) > oat (84.4%) > pea (93.3%), while in 2023, it was buckwheat (88.1%) > oat (79.5%) > pea
(91.4%). The slightly lower shoot C values in 2023 may pertain to the shorter growing period
than that of 2022.

The carbon-to-nitrogen (C:N) ratio of cover crop roots and shoots is an important
metric influencing the rate of residue decomposition following termination. In this study,
initial root C:N were considerably higher than those of the aerial parts and significantly
affected by CC species, year, and year-by-treatment interactions. As anticipated, pea
exhibited the lowest initial C:N in both roots and shoots, well below the commonly accepted
threshold (25:1) indicating a potential for net nitrogen mineralization. In contrast, the initial
C:N for oat and buckwheat ranged from 40 to 50 in roots and approximately 30 in shoots.

However, these initial values did not remain static. The C:N evolved during the
decomposition process (Figures 5 and 6), with the magnitude of change closely tied to the
initial C:N values. Specifically, residues with higher initial ratios, such as the roots of oat
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and buckwheat, experienced more substantial shifts in their C:N during decay. This pattern
suggests a greater initial degree of nutrient immobilization, followed by gradual release.

At termination, the aerial parts of all three CCs exhibited C:N at or below the thresh-
old for net nitrogen mineralization, except for buckwheat, whose shoot C:N initially ex-
ceeded 25:1. However, this ratio declined to the threshold level within two weeks of
post-termination. The observed decrease in C:N over time indicates a faster release of
carbon relative to nitrogen, a pattern commonly associated with residue decomposition
that begins with higher initial C:N.

3.1.1. Decomposition Trend of Root and Shoot Residues

As expected, pea residues decomposed significantly faster than those of oat and
buckwheat, primarily due to the lower C:N (Figure 7). In both years, approximately 50%
of pea root biomass decomposed within two weeks post-termination. In contrast, oat and
buckwheat roots decomposed more slowly, reaching the 50% decomposition threshold after
10 weeks in 2022 and after 14 weeks in 2023. The faster decomposition observed in 2022
may be partly due to warmer temperatures (higher GDD) and greater precipitation during
the decomposition period than in 2023.
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Figure 7. Changes in percentage of root and shoot biomass remaining over 14 weeks of decomposition
for three summer CCs in 2022 and 2023. Cover crops had a longer growth period (60 days) in 2022
than in 2023 (47 days). Green line indicates 50% residual decomposition.

In 2022, shoot residues decomposed more slowly than root residues, whereas in
2023, decomposition rates for shoots and roots were similar. As a result, it took 14 weeks
for pea shoot residues to reach the 50% decomposition threshold in 2022, while 57% of
buckwheat and 64% of oat shoot biomass remained undecomposed by the end of the
study period (Figure 7). By contrast, root residues of all CC species reached the 50%
decomposition threshold within approximately four weeks. No significant differences in
root decomposition were observed between buckwheat and oat (Table 5). The R? values
were consistent across the three CC species, indicating low variability in decomposition
patterns among them (Figure 7).
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Table 5. Regression equations and statistics for summer CC residue mass loss trend over five months
after residue burial.

Plant Part Year I;;Selcdi:: (Logl\-/l"lfr 1?1§0§E1e a Equation RMSE R?
Roots 2022 Buckwheat 424 +0.17° y = —0.14x + 4.59 * 0.016 0.99
Oat 428 +0.04° y = —0.25x + 4.58 * 0.006 0.9

Pea 413 +0.032 y = 0.008x> — 0.57x + 4.59 * 0.032 0.99

2023 Buckwheat 4.35+0.03" y=—0.11x +4.57* 0.054 0.95

Oat 4.32 +£0.03° y = —0.12x + 4.59 * 0.011 0.99

Pea 4.00 £0.022 y = 0.076x> — 0.39x + 4.59 * 0.022 0.99

Shoots 2022 Buckwheat 4.30 £0.03€ y=—0.13x + 4.57 * 0.053 0.97
Oat 437 +0.018 y = —0.10x + 4.59 * 0.038 0.98

Pea 418 +0.034 y =0.057x% — 0.31x + 4.58 * 0.039 0.9

2023 Buckwheat 420+0.038 y=—027x +4.62* 0.060 0.98

Oat 3.97 £ 0.02 AB y = —0.39x + 4.59 * 0.020 0.99

Pea 3.82 +0.08 4 y =0.107x% — 0.61x + 4.60 * 0.058 0.99

* The linear regression analysis was significant for the correlation during five months of decay. Lowercase letters
indicate significant differences among roots, while uppercase letters indicate significant differences among shoots
within each year.

3.1.2. N and C Release from Roots and Shoots of Cover Crop Residues

The percentage of N and C remaining in root and shoot residues was measured at each
sampling point (harvest) and compared to the initial N and C contents of the corresponding
cover crop species. Regression analysis of N dynamics revealed significant variation among
CC species (Figure 8). In both years, N release from pea residues, both roots and shoots,
was notably faster than from oat and buckwheat. For pea and oat shoots in 2023, N release
followed a quadratic trend, whereas N release from buckwheat residues exhibited a linear

pattern (Table 6).
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Figure 8. Changes in N status of root and shoot residues over 14 weeks of decomposition for three
summer CCs in a conventional tillage system. Collected shoot and root residues in 2022 are related to
more mature plants (60 days) than in 2023 (47 days). Green line indicates 50% residual decomposition.
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Table 6. Regression equations and statistics for summer CC residue N-loss trend over five months

after residue burial.
Plant Part Year I;;Selcdiz: (Log/l"lfi;r;sfofie a Equation RMSE R?
Roots 2022 Buckwheat 439 +0.01°¢ y = —0.14x + 4.59 * 0.017 0.99
Oat 448 +0.01b y = —0.02x + 4.60 * 0.006 0.99
Pea 430+ 0.012 y = —0.057x + 4.58 * 0.032 0.99
2023 Buckwheat 445+ 0.01b y = —0.07x + 4.59 * 0.051 0.93
Oat 428 +0.052 y = 0.01096x% — 0.11x +4.59 * 0.006 0.99
Pea 432 +0.032 y = 0.005x? — 0.08x + 4.58 * 0.028 0.99
Shoots 2022 Buckwheat 448 +0.058B y =—0.11x + 4.60 * 0.012 0.99
QOat 450 +0.018 y = —0.05x + 4.59 * 0.011 0.96
Pea 430 +£0.014 y = —0.08x + 4.60 * 0.034 0.99
2023 Buckwheat 433 +0.018 y=—0.18x +4.61* 0.044 0.97
Oat 398 +0.024 y = 0.0946x> — 0.47x + 4.56 * 0.084 0.97
Pea 402 +0.024 y =0.11x% + 0.51x + 4.55 * 0.095 0.95

* The linear regression analysis was significant for the correlation during five months of decay. Lowercase letters
indicate significant differences among roots, while uppercase letters indicate significant differences among shoots
within each year.

In 2022, approximately 45% of the total N in pea roots and shoots was released within
10 weeks. In contrast, even after 14 weeks, more than 80% of the initial N in oat and
buckwheat residues remained unreleased. Although N release from oat residues was
faster in 2022 than in 2023, it still did not reach the 50% release threshold in either year.
Interestingly, in 2023, N release from the aerial parts of pea was faster than in 2022, reaching
the 50% threshold within three weeks. However, a substantial portion of N remained in the
roots of pea even after 14 weeks of decomposition (Figure 8).

Regression analysis of C release from CC residues showed less variation among species
compared to nitrogen (N) release (Figure 9; Table 7). Additionally, C release patterns were
relatively consistent across both years. When averaged over two years, the percentage of
C remaining in root residues was 83.8% for buckwheat, 74.7% for pea, and 73.8% for oat.
Similarly, the percentage of C remaining in shoot residues was 87.5% for buckwheat, 75.8%
for pea, and 77.8% for oat.
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Figure 9. Changes in C percentage of roots and shoots in summer CCs over 14 weeks of decomposition.
Residues collected from shoots and roots in 2022 are from more mature plants (60 days) than those
from 2023 (47 days). Green line indicates 50% residual decomposition.

Table 7. Regression equations and statistics for summer CC residue C-loss trend over five months
after residue burial.

Plant Part Year IS{;ZZ?:: ?Iilsg?Ti;:siorme @ Equation RMSE R?
Root 2022 Buckwheat 4.19 4+ 0.03 y=—0.18x + 4.57 * 0.066 0.97
Oat 450 4+ 0.03 P y=-0.10x +4.561* 0.035 0.90
Pea 442 4+0.022 y = —0.06x + 4.58 * 0.063 0.91
2023 Buckwheat 452 4+0.172 y = —0.04x + 4.59 * 0.00677 0.99
Oat 439+ 0.04° y = —0.09x + 4.60 * 0.01954 0.99
Pea 456 +0.032 y = —0.056x + 4.59 0.01295 0.96
Shoots 2022 Buckwheat 455+0.174 y = —0.03x + 4.59 * 0.00867 0.97
Oat 454 +0.048 y = —0.04x + 4.60 * 0.02423 0.91
Pea 443 +0.034 y = —0.76x + 4.67 * 0.42677 0.51
2023 Buckwheat 4484 0.03 A y=—-02Ix +4.61* 0.060 0.85
Oat 448 4+ 0.02 4 y=—0.09x + 4.61 * 0.04964 0.85
Pea 448 4 0.08 A y=—0.14x + 4.60 * 0.06534 0.72

* The linear regression analysis was significant for the correlation during five months of decay. Lowercase letters
indicate significant differences among roots, while uppercase letters indicate significant differences among shoots
within each year.

4. Discussion
4.1. Cover Crop Biomass, Root and Shoot Assimilate Allocation, and C and N Distribution

This study evaluated biomass allocation between roots and shoots in three summer
CC species, quantifying their carbon (C) and nitrogen (N) contributions to the soil. Despite
the relatively short growing periods—60 days in 2022 and 47 days in 2023—these CCs
maintained continuous living root systems between the cultivation of two potential cash
crops—one harvested in June and one planted in early fall—while offering additional
agronomic and ecological benefits. Both long-term improvements in soil organic carbon
(SOC) and short-term enhancements through nitrogen recycling can significantly contribute
to the overall soil health and environmental quality [9,52].

This study primarily aimed to quantify N and C inputs from CC residues, a major
ecological service attributable to cover cropping, as sequestered carbon is essential for
maintaining and enhancing SOC levels [53]. The biomass yield of cover crops is considered
a primary indicator of their potential agroecological benefits. Despite the short growing
window in this study, biomass production across all three species was considerably high.
For instance, averaged over two years, the total biomass (roots + shoots) for buckwheat
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was 5.8 Mg ha~!, the highest among the species studied here but less than the 6.4 Mg ha~!
reported by Bilenkey et al. (2022) [13]. This discrepancy highlights the influence of key
factors such as planting date, seeding rate, growing duration, termination time, and en-
vironmental conditions. Notably, Bilenkey et al. [13] used a seeding rate of 123 kg ha~!,
nearly double that of this study (67 kg ha~?). In addition, longer growing periods generally
result in greater biomass accumulation. For example, Ruis et al. (2019) [9] and Almeida
et al. (2024) [54] reported average biomass yields of 3.37 Mg ha~! and 7.56 Mg ha~!,
respectively, for cereal rye under extended growing periods. Similarly, high-yielding winter
cover crops like winter wheat [8], winter rye, and triticale [55] achieve peak biomass during
longer seasons. Duiker (2014) [56] emphasized that the month of May is critical for biomass
accumulation in cereal rye, with early October plantings yielding 1-7 Mg ha~! by early
May, and up to 12 Mg ha~! by early June.

Specific emphasis was placed on R:S. This metric is important for two main reasons:
first, it can improve CCs carbon input estimation, especially when roots account for up to
30% of total plant biomass [57,58]; second, as the distribution of photo-assimilates between
roots and shoots is considered a balance activity [59], it helps to estimate root biomass when
only the shoot biomass is known [60], for example, nutrient accumulation at termination
time [61,62]. However, the relative amount of biomass allocated to the roots depends on
soil fertility and is generally lower when the nutrient supply in soil is high [63]. Generally,
root biomass allocation is lower in nutrient-rich soils [63]. Analogous studies showed that
root biomass in grasses typically comprises 20-30% of the total biomass [57,58], aligning
well with the findings of this study.

In our study, species-specific differences in R:S were pronounced. Root biomass
accounted for 26% of total biomass in buckwheat, but only 8% in pea. Furthermore,
all species exhibited a declining R:S trend over time. At the time of termination, the
R:S decreased by 60% in oat, 43% in pea, and 25% in buckwheat compared with values
measured 30 days after planting. This reduction with stand age supports the resource
allocation strategy proposed by Jain (1979) [64], where R:S adjust to optimize resource use
between vegetative and reproductive growth stages. A novel contribution of this study
is the quantification of how assimilate allocation shifts between roots and shoots across
species within a short growing period, an insight with implications for modeling CCs
performance and ecological benefit under constrained seasonal windows.

In addition to differences in assimilate allocation between roots and shoots, the amount
of C in these plant parts, calculated based on their respective biomass, showed substantial
variability. At termination, root C accumulation was 309.6 kg C ha~! for oat, 410 kg C ha~!
for buckwheat, and 57.1 kg C ha~! for pea. By contrast, C yield in the aerial parts of the sum-
mer CCs was 1631.1 kg C ha~! (oat), 1999.2 kg C ha~! (buckwheat), and 751.3 kg C ha™!
(pea). Recently, Smychkovich et al. (2025) [53] reported that fall-planted CCs grown on
the same research farm produced between 787 and 1194 kg C ha~!, which can potentially
contribute to the soil organic carbon (SOC). Despite the shorter growing period in the
current study, the C yield was considerably higher than that reported by Smychkovitch
et al. (2025) [53]. This is not unexpected, as summer growing conditions—particularly
higher temperatures—are generally more favorable for photosynthesis compared with
those in the fall.

4.2. Decomposition Trend of Root and Shoot Residues

Our study also tracked the C loss dynamics from CC residues, which varied signif-
icantly between species and plant parts. Notably, our decomposition experiment used
fresh, non-senesced litter. The higher water content in fresh residue can enhance microbial
activity and accelerate decomposition [65] compared with studies using dried samples
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in litter bags. Across both years, C release from decaying roots and shoots in all three
CC species remained slow, with no treatment reaching 50% C loss by week 14. Indeed,
carbon decomposition in soil depends heavily on the chemical form and structural com-
plexity of the organic matter [66]. While higher C content in residues suggests greater
potential for SOC input, decomposition is moderated by soil texture and the biochemical
structure of the residues. Crop species or cultivars exhibiting slower decomposition rates
may possess lignin—cellulose complexes that are resistant to microbial breakdown. Addi-
tionally, the slow C release may partly reflect low soil temperatures from September to
December, which can limit microbial biomass and enzyme activity [67,68]. Interestingly,
the high C:N in roots compared with aerial biomass suggests that root-derived C is retained
longer post-termination, implying a greater long-term contribution to SOC than that from
aboveground biomass.

To assess the turnover dynamics of root and shoot biomass in CCs, this study evaluated
whether their residues could contribute to the plant-available nitrogen (N) needs of a
subsequent cash crop. All three summer CC species accumulated more N in their shoots
than in their roots. This distribution could pose a challenge in no-till systems, where surface
residues decompose slowly, delaying N release. However, in this study, CC residues were
incorporated into the soil, likely accelerating N mineralization.

At the beginning of the study, we hypothesized that incorporating aerial biomass
would promote faster N release, thereby reducing the risk of N immobilization in double-
cropping systems. However, total N accumulation in CCs roots and shoots was relatively
low, ranging from 46.7 kg N ha~! in pea to 58.3.6 kg N ha~! in buckwheat. The relatively
low N yield in the current study was not unexpected, as the CCs were neither fertilized nor
preceded by a fertilized crop, meaning no residual soil N was available.

As expected, N release from pea residues was more rapid than from the non-legume
CCs, with over 50% of accumulated N released within 14 weeks. By contrast, N release
from oat and especially buckwheat residues were much slower and did not correspond
proportionally to the rate of biomass decay. The initial C:N of crop residues is a useful
predictor of whether net N mineralization or immobilization will occur [69,70].

Our findings suggest that, apart from pea (and potentially other summer legumes),
summer CCs may cause temporary N immobilization, which could hinder the growth of a
subsequent fall-planted crop unless supplemented with additional N fertilizer. Moreover,
beyond N dynamics, previous studies have reported that oat and buckwheat residues may
exert allelopathic effects on the following crop [47,48].

As nutrients accumulated by CCs are released progressively, the carbon-to-nitrogen
(C:N) ratio serves as a useful indicator of residue decomposition and mineralization
rates [69]. It also aids in estimating optimal N synchronization for the subsequent
crop [2,4,71]. In this study, the C:N of CCs was higher in 2022 than in 2023, likely be-
cause more mature crops tend to contain greater proportions of carbon-rich compounds
(e.g., sugars and starches) relative to N. This pattern is especially evident in rapidly growing
tissues, where carbohydrate synthesis outpaces protein accumulation.

Consistently, roots C:N were higher than those of their corresponding shoots and
remained above the minimum threshold for net N mineralization throughout the decompo-
sition study, except in pea. Similar C:N values between roots and shoots in legumes have
been reported previously [72], likely due to a more even distribution of nitrogen across
plant parts [73]. By contrast, the greater variability observed between root and shoot C:N
in oat may attribute to the chemical composition of the tissues; oat roots tend to store more
carbohydrates and thus contain high total carbon content relative to nitrogen [2,74,75].
Furthermore, in contrast to legumes that typically do not overwinter, cereal crops such as
oat show a decline in tissue nitrogen concentration as an adaptive mechanism to endure
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cold conditions, including freeze—thaw cycles during winter [76]. Among both roots and
shoots, buckwheat exhibited the highest C:N, while pea had the lowest. The elevated
C:N in buckwheat may be due to its higher cellulose and lignin contents in cell walls [77],
as well as the presence of anti-nutritional compounds such as tannins and phytic acid,
which can bind nitrogen and subsequently reduce its availability within plant tissues [78].
Additionally, both root and shoot tissues showed higher C:N and slower residue decom-
position in 2022 than in 2023. The increased C:N in 2022 likely reflects a longer growth
period, which may have resulted in the greater accumulation of structural, carbon-rich, and
nitrogen-poor components like lignin and cellulose. As plants mature, nitrogen content in
older tissues tends to decrease due to reduced growth rates and the reallocation of nitrogen
to reproductive processes. Furthermore, the slower decomposition observed in 2022 may
also be partly explained by drier conditions from August to October and lower GDD during
September and October (Figure 1).

5. Conclusions

Our findings indicated that integrating summer CCs into a double cropping system
where CCs are grown for a relatively short period between two cash crops may offer limited
agroecosystem benefits, primarily through modest increases in soil organic carbon (SOC).
However, the quantity and timing of nitrogen (N) release from CC residues could hinder
the growth and productivity of the subsequent cash crop, particularly in the absence of
supplemental N. In this context, legumes such as pea, as well as other summer CCs with
higher N content, may serve as valuable sources of supplemental N for crops planted in
late summer or early fall.

This study also highlights the relatively small contribution of roots to overall C and N
cycling, largely due to low initial soil fertility and the use of conventional tillage. Nonethe-
less, the role of summer CC roots in enhancing soil C stabilization should not be overlooked,
as they can contribute to soil organic matter (SOM) formation and support long-term
soil health.
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