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ABSTRACT

Legume-cereal cover crop mixtures offer a promising approach to reduce nitrate leaching and enhancing soil
fertility. However, the impacts of these mixtures on NyO emissions during both the cover cropping and post-
incorporation phases, as well as the relative contribution of roots and shoots to N3O emission, remain uncer-
tain. To address these knowledge gaps, we conducted a two-phase greenhouse experiment. In the first phase,
cover crops were grown encompassing six treatments: control (no cover crop), pure vetch (Vicia villosa Roth),
pure rye (Secale cereale L.), and mixtures with 33 %, 50 % and 66 % of the pure rye sowing rate paired with 66 %,
50 % and 33 % of the pure vetch sowing rate, respectively. In the second phase, focusing on the post-
incorporation effects, the same treatments were arranged in mesocosms with both roots and shoots, and in
mesocosms with roots only. During the first phase, the proportion of fine/very fine roots and root length density
were negatively correlated with mineral N content and N,O emissions. Mixing rye with vetch increased total dry
biomass and N yield for all mixtures compared to rye alone. In mixtures, the proportion of fine roots, root length
density, and the root C:N ratio decreased compared to rye. Most of the N2O emissions occurred after cover crop
incorporation, with roots contributing more (average 57 %) than shoots (average 31 %). Total NoO emissions
increased with increasing proportion of vetch, but the mixture with 33 % vetch and 66 % rye maintained N,O
emissions as low as rye monoculture. Our study indicates that adjusting the seed proportion in legume-cereal
mixtures serves as an effective tool to balance the benefits of pure legume (increased total biomass, and C
and N yields) and pure cereal (decreased N2O emissions and soil mineral N pool) cover cropping.

1. Introduction

weeds suppression, microbial diversity, soil quality, and climate change
adaptation while mitigating net global warming potential (Ardenti et al.,

Cover cropping is a cornerstone of both current and future agricul- 2023; Garcia-Gonzalez et al., 2018; Guardia et al., 2019; Kaye and
tural sustainability and regenerative practices, supporting diversified Quemada, 2017; Van Eerd et al., 2023). However, a major drawback of
rotations (Quintarelli et al., 2022; Khangura et al., 2023; Yang et al., cover cropping is a potential stimulation of direct soil nitrous oxide
2024). This practice offers valuable ecosystem services, by reducing (N20) emissions (Basche et al., 2014; Riviere et al., 2022), a potent
nitrogen (N) leaching and phosphorus loading to water bodies (Liu et al., greenhouse gas contributing to global warming and stratospheric ozone
2021; Thapa et al., 2018) and increasing soil organic carbon (Hu et al., depletion (Ussiri and Lal, 2013).

2023). Additionally, cover crops positively impact erosion control, Understanding the effect of cover cropping on N2O emissions is

* Corresponding author at: Departamento de Quimica y Tecnologia de Alimentos, ETSI Agrondmica, Alimentaria y de Biosistemas, Universidad Politécnica de

Madrid, Madrid, Spain.

E-mail address: guillermo.guardia@upm.es (G. Guardia).

https://doi.org/10.1016/j.geoderma.2025.117195

Received 15 October 2024; Received in revised form 23 January 2025; Accepted 27 January 2025

Available online 8 February 2025

0016-7061/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-2228-1398
https://orcid.org/0000-0002-2228-1398
https://orcid.org/0000-0002-4189-5563
https://orcid.org/0000-0002-4189-5563
https://orcid.org/0009-0005-3286-2101
https://orcid.org/0009-0005-3286-2101
https://orcid.org/0000-0003-3456-1589
https://orcid.org/0000-0003-3456-1589
https://orcid.org/0000-0002-5601-2954
https://orcid.org/0000-0002-5601-2954
mailto:guillermo.guardia@upm.es
www.sciencedirect.com/science/journal/00167061
https://www.elsevier.com/locate/geoderma
https://doi.org/10.1016/j.geoderma.2025.117195
https://doi.org/10.1016/j.geoderma.2025.117195
http://creativecommons.org/licenses/by/4.0/

G. Guardia et al.

complex and variable (Basche et al., 2014; Muhammad et al., 2019), as it
depends on environmental (climatic and soil) factors, cover crop dura-
tion, cropping phase within the annual rotation (i.e., cover crop growth
or post-termination), and especially cover crop species. Legume and
non-legume cover crops have distinct impacts, with the latter generally
linked to lower N»O emissions due to their higher mineral N-acquisition
capacity and potential N immobilization from C-rich residues (Abalos
et al., 2022a; Fiorini et al., 2020). Yet, the addition of labile C from non-
legume residues or rhizodeposition may stimulate denitrification and
lead to N2O peaks, particularly after soil rewetting (Garcia-Gutiérrez
et al., 2024).

Mixtures of legume and non-legume cover crops may strike a balance
between the benefits of legumes (e.g., reduced synthetic N fertilizer
needs, improved subsequent crop yields) and non-legume species (e.g.,
lower nitrate (NO3) leaching) (Meyer et al., 2022; Muhammad et al.,
2019; Poffenbarger et al., 2015; White et al., 2017). Although mixtures
have shown positive outcomes in biomass yields, soil quality and mi-
crobial diversity compared to pure stands (Drost et al., 2020; Elhakeem
et al., 2021; Restovich et al., 2022), information on their effects on N,O
emissions remains limited (Muhammad et al., 2019; Van Eerd et al.,
2023). Identifying optimal legume-cereal proportions is crucial, with
grassland studies suggesting specific ratios for maximum biomass pro-
duction (Kirwan et al., 2007), especially for legume-non-legume mix-
tures (Suter et al., 2015). For example, 66 %-33 % legume-cereal
proportion can lead to the best agronomic performance (yield and
protein) in mixtures (Osman and Nersoyan (1986). Mixtures with a 75
%-25 % cereal-legume proportion can improve biological N fixation of
pure legumes while avoiding potential increases in soil mineral N
availability susceptible to be lost from the agroecosystem (Rodriguez
et al., 2020). Nevertheless, the potential to fine-tune the sowing rates of
cover crop legume-cereal mixtures to regulate N cycling and N2O
emissions has not been explored yet.

To understand the effect of cover cropping on N2O fluxes, it is
essential to analyze both the growing phase (often neutral or positive for
N0 mitigation compared to bare soil) and the post-termination phase
(associated to N,O increases) (Basche et al., 2014; Abalos et al., 2022b).
Particularly, understanding the contributions of cover crop roots and
shoots to the emission of N,O after termination is crucial, as it can
provide valuable insights to determine the best cover crop residue
management practices (i.e., incorporation, removal, or leaving on the
soil surface) for NoO mitigation. For instance, in the case of legume
aboveground residues, its removal was found to decrease N2O emissions
by 60 % in the subsequent manure-amended maize crop (Saha et al.,
2021). Shoot residues are expected to decay faster than roots due to their
lower C:N ratio and lignin content, while root residues result in lower
rates of mineralization, potentially decreasing the availability of mineral
N substrates involved in N5O emissions (Kim et al., 2020; Vanlauwe
et al., 1996; Whittaker et al., 2023).

Plant traits have been used to predict plant-soil interactions in nat-
ural ecosystems (Bardgett et al., 2014; Faucon et al., 2017), and now
they are increasingly used in agricultural systems to understand N dy-
namics (Bardgett, 2018; Abalos et al., 2019). For example, traits like
high specific leaf area (SLA) and low leaf dry matter content (LDMC),
typical of fast-growing species, have been associated with decreased N
losses, including N2O emissions and NO3 leaching (Abalos et al., 2018).
Although these concepts have started to be applied in the selection of
cover crop species to reduce N losses (Fernandez-Pulido et al., 2023),
their predictive capacity for cover crop mixtures remains unexplored.
Furthermore, cover crop traits can predict legacy effects after soil
incorporation. Fast-growing species produce high quality, labile resi-
dues that may trigger NoO emissions, while slow-growing species pro-
duce litter rich in structural compounds that are more resistant to
breakdown (Reich, 2014), decreasing the soil mineral N pool available
for N,O production. Root exudation of C is another critical trait that can
trigger denitrification, promoting NyO and dinitrogen (N3) emissions
from native soil N (Song et al., 2024). A better understanding of the
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relationships between cover crop traits in legume-cereal mixtures and
N2O emissions, both during the cover crop phase and after incorpora-
tion, can provide useful knowledge into N transformations in
agroecosystems.

A two-phase mesocosm experiment was set up under greenhouse
conditions to investigate the effect of different legume-cereal pro-
portions on N3O emissions during the growing and post-termination
phases. The second experimental phase (post-termination) involved
parallel sets of mesocosms with and without shoot residues to quantify
the specific contribution of aboveground and belowground cover crop
fractions to N2O fluxes during cover crop decomposition. We hypothe-
sized that i) increasing cereal proportion (to the detriment of that of
legume) would be negatively related to N,O emissions during cover crop
growth (due to the enhanced N acquisition) and post-incorporation (due
to N immobilization); ii) shoots would contribute to a higher extent than
roots to post-incorporation N2O emissions due to higher chemical
quality; and iii) an even proportion of cereal and legumes would be
effective to maintain low N3O emissions while keeping mineral N con-
tents at levels than can support the growth of a follow-on crop.

2. Materials and methods
2.1. Experimental design

A two-phase mesocosm experiment was conducted using two cover
crop species, sown as monocultures and in mixtures. The first phase
focused on the cover crop growth, and the second on the post-
incorporation period. The selected species were hairy vetch (Vicia vil-
losa Roth) and rye (Secale cereale L.), and treatments were arranged as
follows: 100 % vetch, 100 % rye, 50 % vetch + 50 % rye, 33 % vetch +
66 % rye, and 66 % vetch + 33 % rye. A bare soil treatment without
cover crops was included as a control. The experimental design was a
complete randomized block design with four blocks and four replicates
per treatment. Two identical sets of mesocosms were prepared (set A and
set B), resulting in 48 mesocosms in total (6 treatments x 4 replicates x
2 sets). The experimental timeline included: i) sowing of both sets, ii) 2-
months plant growth (cover cropping phase), iii) aboveground and
belowground biomass harvest and plant trait analyses (only on set A; see
details below), iv) cover crop biomass incorporation into the soil (only
on set B, see details below), and v) 3-month post-incorporation phase.

Soil (0-30 cm layer) was collected from a bare field near Cremona,
Po Valley, Northern Italy (45°12'24.1” N, 9°53'23.3" E; 52 m above sea
level). The soil, classified as fine loamy, mixed, semiactive, mesic,
Oxyaquic Haplustalfs, was conventionally tilled each year and culti-
vated with field crops. After collection, air-dried soil was sieved to 1 cm
and homogenized. Initial physico-chemical characteristics were: clay,
15 %; sand, 61 %; silt, 24 % (sandy loam texture); pH-KCl, 5.06; organic
matter, 14.3 g kg’l; total N, 0.10 %; available P, 98 mg kg’l;
exchangeable K, 464 mg kg, ! electric conductivity, 137.6ps cm ™', The
soil collection site is characterized by a temperate climate (Cfa as
Koppen classification), with an average annual temperature of 13.2 °C
and annual rainfall of 839 mm, based on a 30-year average.

Cylindrical PVC mesocosms (8 L; 40 cm height x 16 cm diameter)
were used. A PVC base with drilled holes was set 5 cm above the bottom
of each mesocosm to allow water drainage. One 3-cm layer of clay
pebbles and one layer of nonwoven fabric layer were added to the
bottom of the mesocosms to prevent soil loss. Mesocosms were filled
with 6 kg of air-dried, homogenized soil, equivalent to a 30 cm soil
column. The bulk density targeted during soil packing was 1.00 g cm 3.
Before sowing, the soil was gradually rehydrated by capillary rise up to
70 % water-holding capacity (WHC) and maintained at this level
throughout the whole experiment by weighing mesocosms three times a
week.

Seeding rates (110 kg ha™! for rye, 80 kg ha™! for vetch) were based
on local practices. The seeding rate for the mixtures followed a substi-
tutive design. Mesocosms were placed in an outside growth tunnel
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during both experimental phases. Weeds were removed by hand to
maintain the original species composition inside each mesocosm. At the
end of the cover cropping phase (63 days after sowing), mesocosms of
set A were used for aboveground and belowground biomass sampling
and plant trait analyses (destructive sampling), while soil and plants of
set B — which were identical twins of set A mesocosms — were used for the
post-incorporation phase.

At the start of the post-incorporation phase, the aboveground cover
crop biomass was harvested, trimmed to 1 cm-length pieces and ho-
mogenized. Meanwhile, the soil was removed from the mesocosms and
homogenized. Then, two new sets of mesocosms were prepared (only
roots, R, and roots and shoots, R + S) to investigate the relative
contribution of roots and shoots to N5O emissions. Sets R and R + S
consisted of cylindrical PVC mesocosms of 4 L (20 cm height x 16 cm
diameter). The mesocosms of set R (n = 24) were filled with only half (by
weight) of the previously homogenized soil. Concurrently, mesocosms of
set R + S (n = 24) were filled with the other half of the homogenized soil
together with half (by weight) of the collected aboveground biomass.
Once prepared, sets R and R + S were placed in a growth chamber in
dark conditions at 23° C for 80 days, until the end of the experiment.

2.2. Nitrous oxide sampling and quantification

Nitrous oxide fluxes were measured using the close chamber method
(Smith et al., 1995) throughout the experiment. At the beginning of the
measurement period, 30 cm height cylindrical PVC static chambers (16
cm diameter) were used. During cover crop growth, higher chambers
(50 cm height) were used to contain the entire plant biomass, and during
the post-incorporation phase the smaller chambers were used again. An
internal battery-operated fan was installed in each chamber to maintain
air mixing during measurements. During plant growth, starting from 11
days after sowing until plant biomass harvest and incorporation, N2O
emissions were measured twice a week on set A. During the post-
incorporation phase, in both sets R and R + S, NoO emissions were
measured daily during the first two weeks, twice a week during the
following three weeks, and once a week thereafter. In total, 35 N2O
samplings were conducted (15 during cover cropping and 20 during
post-incorporation). Air temperature and pressure were measured with a
digital thermometer at each N,O measurement. Nitrous oxide emissions
were measured with a 1412i photo-acoustic infrared gas analyser
(LumaSense Technologies A/S) at three different times after closing the
chamber: right after closing (to), 8 min after closing (tg) and 16 min after
closing (t16). A soda-lime filter was also connected to the gas analyzer to
reduce CO; interference during measurements. The NO fluxes from
chamber concentration versus time data, were estimated using the
extended Hutchinson and Mosier flux calculation method, implemented
with the HMR package (Pedersen et al., 2010) in the R statistical soft-
ware. When the HMR statistical criteria indicated a good fit, the non-
linear model was utilized; otherwise, the linear model was applied.
Cumulative N2O-N emissions in each phase were calculated by linear
interpolation of daily fluxes. In the post-incorporation period, cumula-
tive N2O emissions from shoots were calculated by subtracting those of R
mesocosms (soil + roots) from the corresponding cumulative N3O fluxes
in R + S mesocosms (soil + roots + shoots).

2.3. Soil sampling and analysis

Soil samples were collected five times during the experiment. During
the cover cropping phase, two soil samplings were performed on each
mesocosm of set A at 37 and 63 days after sowing (DAS). In the post-
incorporation phase, three soil samplings were performed on each
mesocosm of sets R and R + S at 77, 94 and 143 DAS. Samples were
collected with a 1 cm diameter soil auger and the remaining holes in the
pot were filled with inert sand to reduce alterations in gaseous diffusion.
Soil NO3 and ammonium (NHZ) concentrations were analyzed on 5 g of
homogeneously mixed soil extracted with 20 mL of potassium sulphate
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(K2S04, 0.5 M) and pipetted into 96-well quartz microplates. Nitrate-N
and NH;-N were then assessed with dual-wavelength UV spectroscopy
(275, 220 nm) on acidified (HCI 1 M) samples. The total water-soluble
N and dissolved organic C (DOC) were analyzed for each sampling at 63,
77 and 143 DAS after an extraction with K3SO4 0.05 M, followed by an
immediate filtration (0.45 pm cellulose acetate filter). Both DOC and
total water-soluble N concentrations were measured using a TOC-TN
analyzer (TOC-VCSN Shimadzu). Dissolved organic N (DON) was
calculated by subtracting the NHJ and NOj3 concentrations from the
total water-soluble N.

2.4. Aboveground and belowground biomass analyses

Three representative plants of each cover crop species within each
mesocosm were subsampled and analyzed for aboveground traits
following the procedure described by Cornelissen et al. (2003). Plant
height and phenological stage were measured, and six representative
fully expanded leaves of each cover crop species were scanned. The
images were acquired at 600dpi with the scanner Expression 12,000 XL.
The leaf area, length and width, were measured by using the ImageJ
software (Schneider et al., 2012). The specific leaf area (SLA, cm? g’l)
was calculated as the ratio between the leaf area and leaf dry weight,
while the leaf dry matter content (LDMC, mg g !) was calculated as the
ratio of dry to fresh weight. The total root biomass in each mesocosm of
set A was collected by wet-sieving and washed with deionized water.
Shoot and root biomass were oven-dried at 60 °C until constant weight.
The shoot and root dry weights were recorded and the relative above-
ground biomass weight of each species growing in each mesocosm was
calculated. Cover crop biomass overyielding and cover crop N uptake
overyielding (overN) for vetch and rye mixtures were calculated by
comparing the actual yields in the mixtures (total biomass DW and N
yield, respectively), and the expected yield based on the average yields
of the pure stands (rye and vetch monocultures) multiplied by the
relative proportion of each cover crop species in the mixture (Wendling
et al., 2017). Both overyielding and overN were expressed as percent-
ages of the expected yield.

A representative root subsample per mesocosm was scanned and the
images were acquired at 600 dpi with the scanner Epson Expression
12,000 XL, equipped with a double light source to prevent roots over-
lapping (Fiorini et al., 2018). Root Length Density (RLD, cm cm™?) and
root diameter were measured by using the software WinRHIZO Pro
2021. Subsequently, the root dry weight (RDW, mg cm ™ °>) was gravi-
metrically determined by oven-drying the roots at 60 °C until constant
weight. The diameter class length (mm cm %) was calculated for very
fine (0.0-0.0.75 mm), fine (0.075-0.2 mm), medium (0.2-0.5 mm),
coarse (0.5-1 mm), and very coarse (> 1 mm) diameters for the whole
soil profile, as adapted from Reinhardt and Miller (1990). A subsample
of 1 g of each shoots and roots sample was then weighed and analyzed by
the Dumas combustion method with an elemental analyzer (VarioMax C:
N, Elementar, Germany) to obtain C and N concentrations.

2.5. Statistical analyses

Analyses of variance (ANOVAs) were performed for N3O, soil and
plant variables, previously checking the normal distribution (Shapiro-
Wilk) and homogeneity of variances (Levene) and log-transforming the
data when necessary. One (i.e., cover crop plant treatment) and two-way
(i.e., cover crop plant treatment and presence/absence of shoots)
ANOVAs were conducted during the cover cropping and post incorpo-
ration phases, respectively. The ‘block’ factor was included in the linear
general model according to the experimental design. Means were
separated by the LSD test at P < 0.05. Linear correlation analyses
(Pearson) were also performed for each period. The community
weighted mean value for each mesocosm was calculated for all the shoot
traits (ANOVA and correlation analyses). All these analyses were con-
ducted with Statgraphics 19 — X64.
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Three structural equation models (SEM) were performed with R
(lavaan package) for the cover cropping phase and the post incorpora-
tion phase (separately for R and R + S mesocosms). Only the data for
cover crop mesocosms was used in the SEM analyses (i.e., control mes-
ocosms were excluded) since the variances-covariances matrix is
calculated excluding by default the missing data. Some latent variables
were included in the models to explain the relationships between
observed variables (e.g., “Root traits” in the SEM model of the cover
cropping phase was positively related to very fine and fine roots, root
length density, root dry weight, root C and root C:N ratio). The fitting of
the SEMs models were evaluated using the chi-square, root mean square
error of approximation (RMSEA), comparative fit index (CFI) and
standardized root mean square residual (SRMR) (Kline, 2016). We
established hypothetical causal models based on a priori knowledge of
plant-soil interactions and N»O emissions (Abalos et al., 2018).

3. Results
3.1. Cover cropping phase

3.1.1. Soil parameters

In the first soil sampling event (37 DAS) no significant differences in
NHj concentrations were observed (Fig. 1a), while at 63 DAS, NH4
concentrations were higher in pure vetch (and the mixtures with 50 %
and 66 % vetch) than in rye monoculture and control (P < 0.05). At 63
DAS, NHY concentrations ranged from 2.6 (control) to 4.6 mg N kg™
soil (100 % vetch), and were higher than those at 37 DAS. Nitrate
concentrations were generally higher (by 24 % on average) at 37 DAS
than at 63 DAS (Fig. 1b), showing a consistent pattern among treatments
at both sampling dates. At 37 DAS, NO3 values decreased with an
increasing proportion of rye. At 63 DAS, NO3 were on average nearly 7-
fold higher in the control than in cover crop treatments (P < 0.05), with
no significant differences between them. In the same sampling event,
DON concentrations did not differ between treatments. Dissolved
organic C concentrations generally decreased with a decreasing pro-
portion of rye (Fig. 1d), with rye monoculture reaching the highest
concentrations (207 mg C kg soil ™).

3.1.2. Shoot and root traits
Total aboveground biomass was significantly lower in pure rye than

O 37DAs
E3 63DAS 1,

66% Rye

NH,* content (mg N kg soil") »

33% Rye

50% Rye

100% Rye 100% Vetch ~ Control

33%Vetch  50% Vetch  66% Vetch

10.0

—5 I
0.0 —

66% Rye
100% Rye + * *
33% Vetch  50% Vetch  66% Vetch

DON content (mg N kg scil'Y) &

50% Rye 33% Rye

100% Vetch  Control
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in the other cover crop treatments (Table 1). Similar results were ob-
tained for C and N yields in the aboveground biomass, with a tendency
for increasing N yield with a higher proportion of vetch. The dry matter
content was lowest for pure vetch and highest for the 33 % vetch and 66
% rye mixture (Table S1). The biomass C:N ratio and the leaf length/
width ratio were both highest for pure rye and lowest for pure vetch. The
mesocosms with 33 % vetch and 66 % rye showed lower values for both
variables than the other mixtures. The highest and lowest values of leaf
length and leaf width were obtained in the pure stands, while the mix-
tures showed intermediate values. No significant differences between
treatments were obtained for LDMC or SLA. All legume-cereal mixtures
resulted in overyielding for dry biomass (23 %—40 %) and N uptake in
the aboveground biomass (28 %—61 %) (Fig. 2). No significant differ-
ences were found between the different mixture-based treatments. The
contribution of rye to overyielding was often higher than that of vetch,
except in the 33 % vetch and 66 % rye mixture (Fig. S1).

Mineral N contents (i.e., NH; at 63 DAS and NOj3 at 37 DAS) were
negatively correlated with shoot C:N ratio (r = —0.39 and r = —0.41,
respectively, P < 0.05) and leaf length:width ratio (r = —0.38 and r =
—0.56, respectively, P < 0.05). Soil DOC was positively correlated with
C:N ratio (r = 0.85), leaf length:width ratio (r = 0.79) and negatively
with SLA (r = —0.56).

A higher abundance of rye in the mixtures increased the length of
very fine and fine roots in the diameter classes, with no statistical

Table 1

Aboveground dry biomass, N and C yields in the different cover crop treatments
(see Section 2.1). Means followed by different lowercase letters indicate sig-
nificant differences within each variable, by applying LSD test at 95 % proba-
bility level. S.E. indicates the standard error of the ANOVA.

Treatment Total dry biomass N yield C yield
(kg m™?) (gm™?) (gm™?)

100 % Rye 1.07 a 136 a 435 a
33 % Vetch 66 % Rye 1.83b 52.2b 754b
50 % Vetch 50 % Rye 1.91b 54.1 be 785b
66 % Vetch 33 % Rye 1.92b 65.6 cd 789b
100 % Vetch 1.84b 70.9d 749b
P value 0.000 0.000 0.000
S.E. 0.07 3.94 30

B
60 c

o O 37Das

B s0 Bl 63Das

o

= 4

oo

E 30

) a a ala ab L ab a a

‘e 10

o)

2 mE Aa Be Be Be

66% Rye 33% Rye

50% Rye
100% Rye + + 100% Vetch  Control

33% Vetch  50% Vetch  66% Vetch

~]

200

)
o

100

71 li

66% Rye

DOC content (mg N kg soil*)

50%Rye  33% Rye
100% Rye + + + 100% Vetch  Control
33% Vetch 50% Vetch  66% Vetch

Fig. 1. Soil (A) NH3, (B) NO3, (C) dissolved organic N (DON) and (D) dissolved organic C (DOC) concentrations at 37 and 63 days after showing (DAS) in the
different treatments (see section 2.1) during the cover cropping phase. Vertical bars denote the standard errors of the ANOVA (n = 4). Treatments with different
lowercase letters within each sampling date are statistically different by applying the LSD test at 95 % probability level. The variables NH4, NO3 and DOC were log-
transformed before the analysis of variance to meet the normal distribution and homogeneity of variances.



G. Guardia et al.
80
O 33% Vetch + 66% Rye
70 O 50% Vetch + 50% Rye
@ 66% Vetch + 33% Rye

Geoderma 454 (2025) 117195

60
&
3\4 50 P =0.269 P =0.198
)
= "|'
% 40
. 1 T
2 30
S 1 T

20 J_

10

0 .
Dry biomass | | N uptake

Fig. 2. Cover crop biomass overyielding and cover crop N uptake overyielding for the different cover crop mixtures (see section 2.1). Vertical bars denote the
standard errors of the ANOVA (n = 4). Treatments with different lowercase letters are statistically different by applying the LSD test at 95 % probability level.

differences between pure rye and the mixture with 66 % rye and 33 %
vetch (Table 2). A similar tendency was found for medium or coarse
roots, although in this case only the mixture with 66 % rye differed
statistically from pure vetch. Monoculture vetch also showed a lower
diameter class length of very coarse roots than the rest of treatments
(except 66 % vetch + 33 % rye). Rye monoculture resulted in the highest
values of RLD, which decreased with increasing proportion of vetch.
Both root C:N ratio and RDW showed a similar trend as RLD, but without
statistical differences between 100 % and 66 % rye. Soil NO3 content at
37 DAS was negatively correlated with very fine and fine roots (r =
—0.65 and r = —0.57, respectively) as well as with RLD (r = —0.57),
RDW (r = —0.63) and root C:N ratio (r = —0.66). Strong negative cor-
relations were also found between biomass N yield and RLD (r = —0.81),
RDW (r = —0.74) and root C (r = —0.75), and also between aboveground
biomass yield and RLD (r = —0.56) and DOC (r = —0.62). On the con-
trary, DOC concentrations positively correlated with RLD (r = 0.90),
RDW (r = 0.83) and root C (r = 0.84).

3.2. N0 emissions

On average, the cover cropping phase contributed 17 % (ranging
from 8 % to 29 %) to the total cumulative emissions over the two phases

Table 2

(Fig. 3a). Cumulative emissions were highest in the mixture with 66 %
vetch and 33 % rye (38.5 mg N/m’2(7|-)) and lowest in pure rye and
control (25.8 and 15.8 mg N/m’z(—|—), respectively). Nitrous oxide
emissions were negatively correlated with soil NHj concentrations at 37
DAS (r = —0.40).

3.3. Post-incorporation phase

3.3.1. Soil parameters

The average NH{ content in the post-incorporation phase ranged
from 3.4 (control) to 4.3 mg N kg soil ! (Fig. 4a), being significantly
higher in all cover crop mixtures than in pure stands and the control. The
incorporation of the aboveground biomass (R + S) significantly
increased soil NHJ concentrations (by average 13 %) compared to
treatments where only roots were left (R) (Fig. S2a). Average NO3
concentrations were lowest in pure rye, but with an increasing tendency
from 77 to 143 DAS, as also observed for the vetch-rye mixtures. In the
rest of treatments, NO3 concentrations were highest in 100 % vetch
(reaching 60.3 mg N kg soil 1), followed by 66 % vetch + 33 % rye and
the control, and then by mixtures with 50 % and 33 % vetch (Fig. 4b).
Similarly to NH, average NO3 concentrations were 35 % higher inR 4 S
than in R mesocosms, even though this was not observed for the 100 %

Root traits in the different CC treatments (see section 2.1). Means followed by different lowercase letters indicate significant differences within each variable, by
applying LSD test at 95% probability level. S.E. indicates the standard error of the ANOVA.

Treatment Very fine root Fine root Medium/coarse root Very coarse root RLD" RDW* Root C Root N Root C:N
DCL* DCL»* DCL DCL
(m cm™3) (m em™3) (m em™3) (m cm™3) (cm (mg (kg (gm™) (kg
cm™3) em ™) m?) kg™H
100 % Rye 53.9¢ 228.9d 61.8 be 2.7b 52.4d 1.97d 0.29d 5.8 ab 50.6 d
33 % Vetch 66 % 50.5¢ 219.4 cd 64.2c 2.4b 42.6¢ 1.75cd 0.24c 49a 49.6 d
Rye
50 % Vetch 50 % 30.9b 156.6¢ 59.2 be 2.5b 37.6¢ 1.64c 0.26 cd 6.4b 40.2¢
Rye
66 % Vetch 33 % 23.5b 71.3b 359a 1.8 ab 20.0b 1.05b 0.15b 5.3 ab 29.1b
Rye
100 % Vetch 1.6a 146 a 48.3 ab 09a 99a 0.57 a 0.08 a 6.5b 13.0a
P value 0.001 0.000 0.008 0.032 0.000 0.000 0.000 0.151 0.000
S.E. 6.3 21.7 4.9 0.4 2.0 0.09 0.01 0.5 1.8

*log-transformed variable.
@ Diameter class length.
b Root length density.
¢ Root dry weight.



G. Guardia et al.

A 450
400 D
o [ cCsphase
£ 350 ff] Post-incorporation: soil + roots
i 300 Post-incorporation: shoots s d
S 250 = BC
; 200 AB ? a
2 150 A A abe [ od
5 A b 1A c
= 100 ab ﬁ ¢ b b c
£ al
a8 30 a ! ab
0 ab abe be e be a
66% Rye 50% Rye 33% Rye
100% Rye + + + 100% Vetch  Control
33% Vetch 50% Vetch  66% Vetch
C
80
—¥- 100% Vetch
o 70 —A- 66% Vetch + 33% Rye
© o 50% Vetch + 50% Rye
P 60 o 33% Vetch + 66% Rye
= O 100% Rye
i 50 —e— Control
E
w 40
S
B 30
5 20
2 10

65 66 67 70 71 72 73 74 77 80 81 84 87 91 94 99 107 113 129 142

Days after sowing

Geoderma 454 (2025) 117195

100% Vetch

66% Vetch +33% Rye
50% Vetch + 50% Rye
33% Vetch + 66% Rye
100% Rye

Control

booskk

N,Oemissions (mg N m=2dY)
=

11 14 17 22 25 29 32 36 39 44 46 50 53 58 60
Days after sowing

—¥- 100% Vetch
70 —A- 66% Vetch + 33% Rye
o 50% Vetch + 50% Rye
o 33% Vetch + 66% Rye
o 100% Rye
-&— Control

N,O emissions (mg N m==2d)
=

65 66 67 70 71 72 73 74 77 80 81 84 87 91 94 99 107 113 129 142

Days after sowing

Fig. 3. (A) Cumulative N2O emissions during the cover cropping and post-incorporation phases, and daily N,O emissions during (B) the CC phase, (C) post-
incorporation phase in R mesocosms (see section 2.1), and (D) post-incorporation phase in R + S mesocosms (see section 2.1). Vertical bars denote the standard
errors (n = 4) of the ANOVA (A) and the experimental standard errors of the mean (B-D). In (A), treatments with different lowercase letters within each phase are
statistically different by applying the LSD test at 95 % probability level. Similarly, different uppercase letters denote significant differences between treatments for
total N,O emissions. Cumulative N,O emissions during post-incorporation phase were log-trasnformed before the analysis of variance to meet the normal distribution

and homogeneity of variances.

rye treatment (P < 0.05, Fig. S2b).

Soil DOC concentrations showed a slight decreasing trend from 77 to
143 DAS (Fig. 4c), except for pure vetch. No differences in DOC were
found between treatments. Incorporation of shoots together with roots
generally increased DOC concentrations in both DOC sampling events
(and by 9 % on average, P < 0.05, Fig. S2c). Soil DON concentrations
were highest in 100 % vetch (34.8 mg N kg soil 1) and lowest in 100 %
rye (6.0 mg N kg soil 1), with no differences between cover crop mix-
tures and the control. The incorporation of shoots (R + S) significantly
increased soil DON concentrations with respect to treatments where
only the roots were left (Fig. S2d), although the differences between R
and R + S mesocosms were attenuated with the increasing presence of
rye.

3.4. N>O emissions

Nitrous oxide peaked at the beginning of the post-incorporation
phase, reaching the maximum values in vetch monoculture (i.e., 30.7
and 66.7 mg N/m’z(—|-) d'inRandR + S mesocosms, respectively)
(Fig. 3c, d). The contribution of roots during the post-incorporation
phase to total N3O emissions ranged from 39 % (33 % vetch + 66 %
rye) to 92 % (control), averaging 57 % (Fig. 2a). Cumulative NoO
emissions from mesocosms with only roots were highest in 100 % vetch
and the control, followed by the 66 % vetch + 33 % rye treatment, and
minimum in 100 % rye; the rest of mixtures had intermediate values.
During this post-incorporation period, the contribution of cover crop
aboveground biomass residues (shoots) to total N2O emissions
(excluding control) ranged from 22 % (100 % rye) to 42 % (33 % vetch
+ 66 % rye), averaging 31 % (Fig. 2a). Cumulative emissions from
shoots decreased with a decreasing proportion of vetch, thus being
highest and lowest in pure vetch and pure rye, respectively. A similar

trend was obtained for total cumulative emissions over the two phases,
with vetch monoculture resulting in the highest fluxes, followed by the
66 % vetch and 33 % rye combination, and with pure rye leading to the
lowest cumulative emissions (Fig. 2a). During the post-incorporation
phase, highly positive and significant correlations were found between
N>O emissions with soil NO3 (r = 0.80) and DON (r = 0.80).

Considering only the cover crop treatments, strong negative re-
lationships were found between both NoO emissions during the post-
incorporation phase and total N,O emissions with dry matter content
in the aboveground biomass (—0.85 < r < —0.90) and most root traits,
particularly the diameter class length of very fine roots (—0.69 =r =
—0.72) and fine roots (—0.64 = r = —0.82), RLD (-0.72 = r = —0.86),
RDW (—0.75 = r = —0.87) and root C content (—0.69 = r = —0.87).
Correlations with medium to very coarse roots were also negative but
weaker (—0.23 = r = —0.57, data not shown), while positive relation-
ships were found between root N content and N>O emissions from roots
and soil (r = 0.49) and between total N5O emissions and CC above-
ground biomass (r = 0.46).

4. Discussion
4.1. Cover cropping phase: N2O emissions and cover crop biomass

Our results show that the cover cropping phase had a relatively
minor influence on total NoO emissions in comparison with the post-
incorporation phase, which is consistent with Garcia-Gutiérrez et al.
(2024). Cover crops are expected to reduce N2O emissions during their
growth period due to the partial removal of soil residual mineral N
(Fernandez-Pulido et al., 2023). This was indeed observed in our
experiment, with a highly effective decrease of soil NO3 content in all
cover crop-based treatments compared to the control mesocosms. Such
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tribution and homogeneity of variances.

an effect could be particularly relevant for the abatement of this reactive
N pool in the soil and potential N leaching losses (Thapa et al., 2018). In
this sense, cover crop mixtures had a similar NO3 reduction as pure rye,
probably due to the regulation of biological N-fixation in legumes ac-
cording to soil fertility (De Notaris et al., 2021) and the higher N uptake
in mixtures in legume-cereal mixtures due to complementarity effects
(Abalos et al., 2021).

The SEM revealed a clear association between root traits and biomass
variables with N2O emissions during the cover cropping phase (Fig. 5).
The strongest relationships were the direct negative effects of root dry
weight, very fine and fine roots, root length density, root C, and root C:N
ratio, on N9O fluxes. Previous studies have also identified root length
density and the abundance of fine/very fine roots as key root traits for
plant N acquisition (Griffiths et al., 2022; Liu et al., 2022). Therefore,
these relationships support the notion that vigorous root development
and N acquisition are critical for NoO mitigation (Abalos et al., 2018),
despite the unexpected lack of a positive correlation between soil min-
eral N and N5O emissions. Since mineral N can be lost or immobilized
through several and complex pathways distinct from NoO emissions, this
lack of correlation does not allow us to conclude that soil NO3- uptake
by the plant did not influence N>O emissions. Root traits and biomass
variables indirectly stimulated N2O emissions through an increase of
DOC concentrations in our experiment. Root dry weight, root length
density and root C were positively associated with DOC, suggesting that
the stimulatory effect was driven by root C exudation, as these traits
determine the amount of contact surface between roots and soil and the
amount of root-derived C inputs to soil (Freschet et al., 2021). Since
labile organic C is a substrate for heterotrophic denitrifiers (Butterbach-
Bahl et al., 2013), rhizodeposition probably stimulated denitrification.

Legume-cereal mixtures promoted overyielding (both in terms of dry

matter biomass and N yield), which supported our initial hypothesis and
suggests an effective N transfer from vetch to rye plants (Liu et al.,
2023). Increasing rye abundance had a detrimental effect on above-
ground biomass but a stimulatory effect on root biomass. Mixing vetch
with rye proved effective in mitigating biomass penalties, with impor-
tant consequences not only for C and N cycling but also for N,O emission
during the critical post-incorporation phase.

The low dry matter biomass in cereal monoculture significantly
decreased soil C and N input. While this might have positive implica-
tions for NyO emissions after cover crop termination (if residues are
incorporated), it could have negative implications for their potential to
enhance SOC (Peng et al., 2023), as observed in the present study with
regards to DOC contents during the cover crop growing phase. In this
sense, mixing rye with vetch increased both the C and N yields, thus
suggesting a pivotal role in improving the C footprint and ecosystem
services (Guardia et al., 2019; Quintarelli et al., 2022). Furthermore,
legume-non-legume mixtures can balance the main SOC formation
pathways (i.e., via particulate organic matter and mineral-associated
organic matter), with positive impacts on short- and long-term SOC
stabilization and stocks (Zhang et al., 2022).

4.2. N20 emissions after cover crop incorporation

Our results reveal an important finding for cover cropping: N2O
fluxes after termination are not affected by the management of cover
crop shoots (removal versus incorporation). This finding can be
explained by the major influence of the belowground system (roots and
soil with the legacy effect from cover crops and previous cropping
phases). As we initially hypothesized, emissions from cover crop shoots
decreased with an increasing proportion of rye, reaching the lowest
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Fig. 5. Structural equation model (SEM) of the cover cropping phase (including only cover crop-based treatments and excluding control), showing the relationships
between shoot traits, root traits, N yield, dry matter content (DMC) in the aboveground biomass, soil NH} (at 63 days after sowing, DAS) and NO3 (at 37 DAS)
concentrations, dissolved organic carbon (DOC) and N,O emissions. Only significant relationships are shown. Green and red arrows denote positive and negative
relationships, respectively. Numbers next to the arrows represent the path coefficients. The variables N;O and DOC were transformed before the analysis. ‘shoot
traits’ is a latent variable which positively correlates with leaf length/width ratio, leaf length and C:N ratio (path coefficients 0.94-0.98). ‘Root traits and biomass’ is
a latent variable which positively correlates with very fine and fine roots, root length density, root dry weight, root C and root C:N ratio (path coefficients 0.91-0.99).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

levels in pure rye stands. The incorporation of residues with high C:N
ratio (>30 in rye monoculture) can result in net N immobilization
(Redin et al., 2014), thus reducing the availability of mineral N sub-
strates for microbial processes required for N3O release (Abalos et al.,
2022a). The later revision of Abalos et al. (2022b) argued that maturity
class of residues is a stronger predictor of the effect of cover crop resi-
dues on N,O fluxes, by integrating C:N ratio with C and oxygen (O3)
availability. This was supported in our study by the strong and negative
correlation between N3O emissions and dry matter content of the
aboveground biomass.

The SEM of mesocosms including both belowground and above-
ground biomass confirmed the direct effect (but weaker than during the
cover cropping phase) of root biomass and traits (such as very fine and
fine roots, RLD, root C or root C:N ratio) in decreasing N2O emissions
post-incorporation (Fig. 6), as well as the competitive relationship be-
tween shoot and root development. The decomposition of aboveground
residues represented a significant input of soil NH} during the post-
incorporation phase, although the relationships with NyO emissions
were weaker and complex, possibly as a result of the intense nitrifying
activity, supported by low NH4 but high NO3 concentrations in the soil
(Fig. 4). The end product of nitrification (NO3) stimulated NyO emis-
sions (Fig. 6), while DON derived from plant residues had an indirect
role on N3O emissions by fueling the reactive NO3 pool. The importance
of DON for NoO emissions is often overlooked, despite strong positive
relationships previously reported between soil DON contents and gross
N fluxes (Cookson et al., 2007), including N2O emissions (Cui et al.,
2023). Schimel and Bennett (2004) suggested that DON plays a critical
role in regulating the active N-cycling microbial communities, thus
driving short-term N supply and potential mineralization and nitrifica-
tion rates. Indeed, the conversion rate of organic matter to soluble C and
N is often a key factor restricting gross N transformation rates in agri-
cultural soils (Cookson and Murphy, 2004). The negative relationship
between DON and NH{ in our mesocosms experiment possibly reveals a

detrimental effect of the C-rich rye residues on organic N mineralization
(Capra et al., 2023; Li et al., 2020).

Our SEM with data from mesocosms including both belowground
and aboveground biomass suggests a pivotal influence of NO3 (i.e., the
end product of nitrification) on NoO emissions induced by shoots during
the post-incorporation phase. The decay of shoots was indicated by the
positive relationship between shoot N content and leaf width (associated
to legumes) with NHZ (nitrification substrate) and NOj3 (nitrification
product) concentrations during the post-incorporation phase (Fig. 6).
The lack of significant relationship between NHJ and N0, in contrast
with that between N,O and NO3, could possibly reveal a fast nitrification
process. Root decomposition would provide labile organic C substrates
for denitrifiers (positive relationship between root traits/biomass and
DOG, Fig. 6) thus possibly enhancing denitrification activity under low
O, conditions and without NO3 limitation (Rummel et al., 2021). This
may contribute to explain the higher N,O emissions during the post-
incorporation phase compared to those during cover cropping
(Fig. 3a), in addition to the lack of living plants to compete for the
inorganic N released from cover crop residues.

In contrast to our second hypothesis, the belowground biomass of
cover crops was found to be a major contributor to total NoO fluxes,
particularly in pure vetch (Fig. 3a). These results suggest that the key
drivers of N2O emissions from roots were the decomposition of N-rich
vetch roots (De Notaris et al., 2020; Poffenbarger et al., 2015) and the
previous changes in the soil environment due to rhizodeposition
(Abdalla et al., 2019). The N legacy effect and the enhanced NHj uptake
potential from rye plants during the cover crop growing phase could
have also contributed to the low N2O fluxes in pure cereal mesocosms.
This is supported by the lower soil NHJ content at the end of the cover
cropping phase (63 DAS) whit increasing rye proportion (Fig. 1a).
However, we hypothesized that this effect could have had a limited
impact on NoO emissions after incorporation, due to i) the lower N yield
of the rye stands compared to those of vetch (Table 1); ii) the lack of



G. Guardia et al.

Yield and

Geoderma 454 (2025) 117195

Root traits

shoot traits

L\

and biomass

[

| Model fitting:

L2 =294.0

! RMSEA = 0.258

{ CFI=0.772
SRMR = 0.068

I
N |

Soil parameters post-
incorporation phase

j 0.39

0.52

Fig. 6. Structural equation model (SEM) in “R + S” pots during post-incorporation phase (including only cover crop-based treatments and excluding control),
showing the relationships between root traits, soil dissolved organic C (DOC), dissolved organic N (DON), NH4 and NO3 concentrations (during cover cropping and
post incorporation) and N;O emissions. Only significant relationships are shown. Green and red arrows denote positive and negative relationships, respectively.
Numbers next to the arrows represent the path coefficients. All variables were transformed before the analysis. ‘Root traits and biomass’ is a latent variable which
positively correlates with very fine and fine roots, root length density, root dry weight, root C and root C:N ratio (path coefficients 0.91-0.98). ‘Yield and shoot traits’
is a latent variable which positively correlates with N yield and leaf width (path coefficients 0.84-1.00) and negatively with C:N ratio and leaf length:width ratio
(path coefficients 0.97). ‘NH;” and ‘NO3’ are latent variables which positively correlate with the corresponding mineral N concentrations during the post-
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this article.)

significant relationship between NHJ concentrations and N>O in only-
root mesocosms at post-incorporation (Fig. S3); and iii) the lack of sig-
nificant differences between cover crop treatments at 63 DAS in soil NO3
concentrations (Fig. 1b), which was the key variable related to N,O
emissions in only-root mesocosms (Fig. S3). On the contrary, we hy-
pothesized that the root residue quality — and particularly the C:N ratio
— would had the strongest impact on NoO fluxes from only-root meso-
cosms. This ratio increased with the increasing rye proportion, thus
driving the predominance of net mineralization (vetch) or immobiliza-
tion (rye) of root residue-N (Nicolardot et al., 2001). Negative re-
lationships between root dry weight and some traits (i.e., very fine and
fine roots, root length density, root C and root C:N ratio) with mineral N
in the mesocosms with roots only (Fig. S3) could be attributed to net N
immobilization caused by legume and particularly non-legume residues
(Li et al., 2020). The trend in cumulative NoO emissions from the mes-
ocosms with roots only (Fig. 3a) mirrored that observed for soil NO3
content at 77 DAS (Fig. 4b), which was closest to the main N,O peak
during the post-incorporation phase.

The predominance of belowground (soil + roots) over aboveground-
derived N3O emissions was an unexpected result due to the lower
biomass and C:N ratio of root compared to shoots (Table 2, S1). These
results were not in agreement with those of Saha et al. (2021), who
reported an abatement of c. 60 % N3O emissions during the post-
incorporation phase when aboveground residues were removed. How-
ever, the presence of plants in that trial (i.e., maize as cash crop) and
manure amendment may modify shoot decomposition and trigger a
priming effect (Daly et al., 2024), causing the comparison to be biased.
In any case, the uncertainties regarding the calculations of cumulative
N5O fluxes from shoots (see section 2.2), including the potential nega-
tive interaction between roots and shoots, suggests that further research
is needed to elucidate the specific contribution of roots (distinguishing

from endogenous soil N from previous phases) and that of aboveground
residues after cover crop incorporation.

4.3. Implications and limitations

Our reported effects on N cycling and N2O emissions based on
mesocosm experiments should be confirmed under open field condi-
tions, also assessing the concurrent effects of roots and shoots on carbon
sequestration in the medium/long term. In this sense, it is also recom-
mended to further explore the potential benefits of other cover crop
species in the mixtures, such as brassicas (Sinapis spp., Raphanus sativus
L.) or plantain (Plantago lanceolata L.), since both families can disrupt or
modify N-cycling microbial processes communities by releasing sec-
ondary metabolites with biological nitrification inhibition activity
(Fernandez-Pulido et al., 2023; Judson et al., 2019).

Our study unveils the critical timing of NoO emissions from cover
crop usage, emphasizing the dominance of emissions after termination
and the significant contribution of roots over aboveground residues.
Even if farmers remove aboveground cover crop residues for alternative
purposes like biorefining, biogas, or biofuel, N,O emissions remain
substantial. Interestingly, our findings show that while total N3O emis-
sions increased with a higher vetch proportion, a mixture of 33 % vetch
and 66 % rye maintained N2O emissions as low as pure rye. This optimal
ratio not only minimized NyO emissions but also enhanced N yield for
forage purposes and contributes to SOC stocks. Accordingly, this seems
to be an optimum cereal-legume proportion to balance the agronomic
and environmental aspects of cover crops. One of the potential con-
straints for upscaling our results is the maintenance of the legume-cereal
proportions under field conditions. Soil fertility largely influences the
outcome of aboveground biomass production of different species in a
cover crop mixture, regardless of the seeding proportion. For example,
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grasses and legumes tend to dominate in soils with high and low N
availability, respectively (Baraibar et al., 2020).

Our study highlights the importance of specific root traits as robust
predictors of cover crop effects on NoO emissions during both the cover
cropping and post-incorporation phases. These results offer a framework
for selecting species and designing mixtures to reduce NoO emissions.
Combining this knowledge with a deep understanding of the relation-
ships between root traits and SOC can provide a conceptual roadmap to
maximize climate change mitigation in agroecosystems.

During the cover cropping phase, our multivariate analysis revealed
contrasting effects of root traits on NyO emissions: a direct mitigating
effect and an indirect emission-increasing effect by raising soil DOC
concentrations. These complexities may contribute to explain the high
variability which has been previously reported in the literature. The
interplay of residual NO3 and labile organic C inputs, along with the
oxygen availability and anaerobicity (as drivers of denitrification), can
tip the balance between mitigation and emission. Further research is
needed to fully elucidate these relationships.
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