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of wild types, and thus had shorter C residence time. 
Slower decay of litter has been recommended for C 
sequestration in erodible lands and semi-arid zones, 
also favoring nutrient retention and slower release of 
nutrients. The key driver of the decomposition pro-
cess was resin content and not the usual chemical pre-
dictors of litter quality (i.e. N content and C/N ratio). 
Wild-type litter had thicker leaves with higher resin 
content, and lower C:N ratio.
Conclusions Domestication changed litter quality 
affecting the rate of decomposition and potentially C 
cycling in the agroecosystem. Improved accessions 
contributed with more C input litter but with lower 
quality. The lower resin content of the Improved 
accessions reduced the litter residence time of C due 
to faster rate of decomposition.

Keywords Ecological intensification · Perennial 
domestication · Decomposition rate · Litter quality · 
Resin content

Introduction

Annual cereal, oilseeds, and legume crops provide 
80% of global food (Cox et  al. 2010), and comprise 
60–80% of global cropland, which is predicted to 
expand (Glover et  al. 2007). The observed decline 
in ecosystem services in these environments has 
triggered numerous studies aiming at developing 
more sustainable agriculture (Pimentel et  al. 2012). 

Abstract 
Aims We asked if structural and chemical changes 
in leaf traits, brought about by early domestication 
in perennial Silphium integrifolium Michx. (Aster-
aceae), have influenced litter quantity and quality, and 
decomposition rates. This process is critical to deter-
mine how an ecosystem recycles nutrients, renews 
soil fertility and sequesters C in the soil.
Methods We compared in a field experiment green 
and senescent leaves traits of Improved and Wild 
accessions of Silphium. We performed a laboratory 
decomposition experiment to determine the decom-
position rate, and the change in litter quality over 
time.
Results Improved accessions of Silphium produced 
almost two times more litter than the Wild, which 
should, in turn, contribute to a higher C input to the 
soil; however, this litter decomposed faster than that 
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De novo domestication of perennial grain crops has 
been considered as an alternative to annual agricul-
ture, because perennials can provide a variety of eco-
system services in addition to producing grain (Cox 
et al. 2006; Glover et al. 2010; Baker 2017) and offer 
unique opportunities for multifunctional agriculture 
(Jordan and Warner 2010; Ryan et al. 2018). Particu-
larly, perennials are important for soil conservation, 
reducing soil erosion and increasing water infiltra-
tion, and organic matter accumulation (Pimentel et al. 
2012). Sustaining the productive capacity of soils has 
raised interest in the maintenance of soil organic mat-
ter through low till practices and the use of crop resi-
dues (litter; Ryan et al. 2018). Although in some agri-
cultural systems the accumulation of crop residues is 
viewed as a nuisance to crop establishment and seed-
ling growth, this would not be a problem when per-
ennial crops are grown. Seeding and seedling estab-
lishment is only done once every number of years, 
and spring re-growth of the perennial crowns is fast; 
stalks regrowing from crowns accumulate biomass 
much more quickly than annual seedlings, easily pen-
etrating the litter layer formed by residues from the 
previous year and the canopy formed by germinat-
ing weeds. Residues can, thus, be left on the ground, 
which improves soil cover, avoids tilling, and helps 
maintain ecosystem functioning.

The addition of biomass to the soil, and the 
decomposition of organic matter are major determi-
nants of C and nutrient cycling in ecosystems, and 
constitute a valuable ecosystem service by recycling 
nutrients, renewing soil fertility and sequestering C. 
The multiple drivers of decomposition include the 
effect of environment, at both regional and micro-
site scales, the quality of litter, and the composition 
of the decomposer community (Cornelissen et  al. 
2004; Aerts 1997; Parton et al. 2007). At the ecosys-
tem scale, litter quality becomes a better determinant 
of decomposition rates than climate (Meentemeyer 
1978; Aerts 1997) and is most often related to the 
chemical characteristics of the litter, for example 
nitrogen content, C: N ratio and/or lignin content 
(Aerts 1997).

Interspecific differences in structural and pro-
tective traits in green leaves (i.e. defenses) and the 
subsequent quality of litter produced following leaf 
senescence, have been associated with the diversity 
found in growth rate and plant resource acquisition 
strategies (Aerts 1996; Reich et al. 1997; Díaz et al. 

2004; Wright et al. 2004). On the one hand, since leaf 
structure can be linked to growth rate (Poorter et al. 
2009), the amount and composition of C forms that 
plants return to the soil, and their subsequent fate, can 
be related to plant growth rate (Chapin et  al. 2009; 
Lavorel et al. 2007). On the other hand, Lavorel and 
Grigulis (2012) showed the strong relevance of the 
leaf economics spectrum (that describes the plant’s 
resource use strategies) to ecosystem-level processes 
associated with C and nitrogen cycling, including 
primary production and litter decomposition. Ecosys-
tems dominated by acquisitive plants have fast fluxes 
and relatively small C pools and faster nutrient turno-
ver, while the opposite is true for ecosystems domi-
nated by conservative plants: slower fluxes, more 
recalcitrant, and more persistent C pool (De Deyn 
et  al. 2008, Lavorel and Grigulis  2012). Crops are 
more acquisitive and fast-growing than their wild pro-
genitors (Milla et al. 2014); and man-made selection 
for yield has resulted in indirect shifts of resource use 
strategy, from conservative to acquisitive (Vilela and 
González-Paleo 2015). Knowledge of the indirect 
consequences of domestication for other traits besides 
seed-yield, such as structural and functional leaf traits 
related to C and N acquisition and conservation, 
and resistance to pest or drought, is relatively recent 
(Denison 2012, Milla et al. 2014, González Paleo and 
Ravetta 2011, González-Paleo et  al. 2016, González 
Paleo and Ravetta 2018, González Paleo et al. 2019, 
Vilela and González-Paleo 2015, Pastor-Pastor et al. 
2018, Vilela et  al. 2018). The relevance of these 
changes to the provision of ecosystem services and 
sustainability is even less known. Here, we focused 
on how changes in leaf structural and functional traits 
brought about by early domestication of a perennial 
species influence litter quality and decomposition 
rates.

We tested the link between traits of green-leaves, 
leaf-litter and decomposition rate in Improved and 
Wild accessions of Silphium integrifolium Michx. 
(silflower, silphium, rosinweed) growing in a com-
mon garden. Silphium, a genus in the same tribe 
(Heliantheae) of the Asteraceae as Helianthus is 
being developed as a perennial oilseed crop alterna-
tive to the annual sunflower, because the seeds have a 
similar fatty-acid profile than that of sunflower, while 
providing a number of ecosystem services linked to 
its perenniality, deep roots, extended flowering period 
(Kowalska et  al. 2020; Van Tassel et  al. 2014; Van 
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Tassel et  al. 2017; Vilela et  al. 2018; Reinert et  al. 
2019).

Particularly, for Silphium we know that domestica-
tion is changing leaf traits related with C economy: 
improved accessions had larger leaves, higher alloca-
tion to N in green leaves, higher photosynthetic rate, 
and lower leaf thickness, in relation to wild types 
(Vilela et  al. 2018). Also, domestication reduced 
resin content of green leaves (potentially a result of a 
compromise between defense and reproductive effort 
(Turner et al. 2018). We hypothesized that differences 
in key leaf traits related to C and N economy (specific 
leaf area-SLA, leaf thickness, and N concentration) 
between Improved and Wild accessions would result 
in differences in the quantity and quality of litter, 
and decomposition rate. We predicted that Improved 
accessions with thin, high-SLA leaves, and with 
higher N content will produce more senescent leaves 
with higher quality (i.e., higher N content, lower C:N 
ratio, lower resin content in the litter). This litter type 
will result in a higher decomposition rate in relation 
to Wild-type, low quality litter.

Materials and methods

Experimental design and green leaves traits

Traits of green leaves of 10 individual plants of 
Improved and Wild accession of S. integrifolium 
Michx. (Asteraceae), growing at The Land Insti-
tute’s experimental station near Salina, Kansas (38° 
46′14´´N; 97° 35′30´´W) were measured. Mean 
annual precipitation in the area is 737  mm, with an 
average of approximately one-tenth of that precipi-
tation coming in the form of snow. Rainfall is con-
centrated in Spring and Fall, and extended droughts 
are common in Summer. Mean daily high tempera-
ture in July is 34 °C, the mean nightly low in Janu-
ary is −7 °C, and rapid, wide swings in temperature 
are common in all seasons. The breeding nursery and 
the wild accessions were established in the field in 
late May 2015 by transplanting approximately 1500, 
8-week-old seedlings. The experimental units were 
individual plants, randomly chosen for a larger set of 
plants (220 wild-type plants and 1200 plants of the 
improved accessions). Plants were arranged in the 
field in rows spaced 2 m apart, and 1 m apart within 

the row, to avoid competition. Transplants received 
additional water at the time of transplanting, and no 
additional water was added afterwards. No fertilizer 
was applied, neither were agrochemicals applied to 
control of weeds or pest. Weeds were controlled man-
ually. Soil types on the research farm include Hord 
silt loam (fine–silty, mixed, superactive, mesic Cumu-
lic Haplustolls) and Cozad silt loam (coarse–silty, 
mixed, superactive, mesic Typic Haplustolls). Sil-
phium seeds were harvested from wild populations 
in central Kansas and subjected to 5  cycles of phe-
notypic selection (domestication de novo). In each 
cycle, individuals with a high number of ray florets 
(a proxy for seed-yield) were identified and controlled 
pollinations were made between them in the field. 
Only ray florets are female-fertile and produce seeds. 
Disk florets produce only pollen (Vilela et al. 2018).

At pre-anthesis of 2017 (early May, second year of 
growth), we collected four mature green leaves from 
the middle part of the stalk of each individual plant. 
Fresh leaf-thickness was measured using a Mitutoyo 
Digital Thickness Gage 547–301, when leaves were 
harvested. Leaves were immediately sealed in plastic 
bags and transported in ice-cooled boxes, and stored 
in the laboratory at 4  °C prior to analysis. For each 
individual green-leaf sample (petioles included), 
leaf- area was determined by scanning the leaves pre-
sent on each plant, and processing the images using 
UTHSCSA Image Tool for Windows, Version 2.0. 
After scanning, leaves were dried at 60  °C for 48  h 
and weighed. Specific leaf area (SLA) was calcu-
lated as the ratio of leaf area to dry weight  (cm2  g−1) 
as described by Cornelissen et  al. (2003). On these 
leaves we also measured N concentration by the Kjel-
dahl acid digestion method. The leaf traits we meas-
ured were selected because they are known to be part 
of the leaf economic spectrum or closely linked to it 
(see Díaz et al. 2004; Wright et al. 2004).

Litter collection and litter quality

At the beginning of the senescence period, for each 
of ten plants per accession we collected a sample of 
naturally senesced leaf litter used for chemical deter-
mination of N, C and resins (initial litter chemistry, 
Time 0). The remaining litter was pooled (per acces-
sion) to generate a bulk sample used to fill the decom-
position bags. The litter was air-dried and stored at 
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room temperature until setup of the decomposition 
experiment.

To assess litter quantity, senescent leaves of each 
of the ten plants were collected biweekly (from late 
June to early September) until the plants were com-
pletely senescent. Total litter quantity was calculated 
as the sum of the weight of the senescent leaves pro-
duced by a plant.

Chemical analysis of the litter was performed for 
initial litter quality (Time 0) and for the five con-
secutive times of bag collection (see section 2.3). C 
and nitrogen determinations were performed using 
an Elemental Combustion System (LECO elemen-
tal analyzer, model CN628 Dumas analyzer) and 
expressed as concentration (% of the leaf dry weight).

Plant resins are C based secondary metabolites 
(CBSM) of complex mixtures, which include vola-
tile and non-volatile terpenes and/or phenolic com-
pounds. In Silphium we evaluated the concentrations 
of non-volatile terpenes according to Vilela et  al., 
(2018). For resin concentration determination, leaf 
dry matter samples (1–2 g) were extracted with meth-
ylene chloride in a Soxhlet apparatus for 10  h. The 
crude extracts were evaporated until dryness under 
vacuum with a rotatory evaporator (Yamato Scientific 
Co., Japan) and weighed. The crude resin concentra-
tion was determined as a percent on a leaf dry weight 
basis (Wassner and Ravetta 2005).

Decomposition experiment

We performed a laboratory decomposition experi-
ment in controlled conditions of humidity (90% 
water-holding capacity of the soil) and tempera-
ture (20  °C) using decomposition trays (the experi-
ment started June 20, 2017). Each tray (45 cm wide 
and 70  cm long) was filled with soil collected from 
a four-year old Silphium crop growing at the same 
experimental site. The experimental design consisted 
in 10 decomposition trays per accession (Improved 
and Wild), each one containing 5 decomposition 
bags buried at 5 cm below the surface and separated 
from one another by 2.5  cm. Bags were collected 
at five times during the experiment: 16 (July 6), 42 
(August 1), 62 (August 21), 77 (September 5) and 93 
(September 21) days after the start of the experiment. 
Decomposition bags consisted in a double-layer nylon 
mesh bag, 25  cm long and 15  cm wide, filled with 
two grams of Silphium air-dried litter. The mesh size 

of the litter-bags was 1 mm. The senescent leaf mass 
corresponding to each litter-bag was weighed before 
incubation. At the end of each incubation period, 
ten bags per accession were sampled (one from each 
decomposition tray). The litter remaining in each 
litter-bag was manually cleaned, and the dry-mass of 
the litter residue was determined after removal from 
the nylon bags and drying at 50  °C. Ash-free dry 
mass was determined for all samples using 0.2  g of 
the remaining biomass to correct for soil contami-
nation, for calculations of organic matter loss and 
decomposition rate. The dried samples were ground 
to pass through a 2  mm mesh for chemical analysis 
(see section 2.2.).

Statistical analysis

Based on the dry mass data, we calculated the per-
centage of organic matter remaining in each sample. 
The decomposition process was simulated using a 
single exponential model:  OMt =  OMt0 *  e-kt; where 
 OMt0 is the initial litter mass,  OMt is the litter mass 
remaining at time t (days), and k the decomposition 
rate constant  (d−1). The decomposition rate constant, 
K, can be calculated from this curve using the follow-
ing equation: Ln  (OMt0/OMt) = k * t, for the entire 
period of incubation.

Differences in green-leaves traits between acces-
sions were tested using one-way ANOVA. Two-factor 
repeated measures ANOVA (accessions and time as 
factors) was performed to determine the statistical 
significance (p = 0.05) of the organic mass loss and 
C, N and resin dynamics from litters of improved and 
wild accessions at different incubation periods (time). 
C, N, C/N ratio and resin content at Time 0, were 
considered “initial quality litter” for both accessions. 
When significant interactions (accession x time) 
were detected, one-way ANOVA were performed to 
explore differences between times for each litter type 
(Improved and Wild). Least significant differences 
(LSD) test was calculated at P ≤ 0.05 in order to com-
pared means.

Regression analyses were performed to examine 
the relationships of litter quality traits (i.e., N%, C:N 
ratio and resin%) and decomposition rate for both 
accessions. Pearson’s correlation coefficients were 
calculated to evaluate the relationship between green 
leaf traits, litter quality and decomposition rate. To 
check for data normality, we used Shapiro–Wilk’s test 
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and Levene’s test for homogeneity of variance. Infos-
tat 2009 was used for these analyses.

Results

Traits of green leaves and litter quantity

Improved accessions had thinner leaves with a higher 
N content in relation to Wild accessions although 
they did not differ in specific leaf area (SLA, Table 1). 
Also, Improved accessions produced more litter (total 
weight of senescent leaves per plant; Table 1).

Organic matter loss and decomposition rate

There were differences in the loss of organic mat-
ter (OM) between accessions for all collection times 
(significant interaction accession x time; Table 2 sup-
plementary material): 60% of the litter of Improved 
accessions was decomposed after 2  months, while 
for the Wild type only 20% of the biomass was lost 
(Fig. 1). For this period (93 days), the decomposition 
rate was higher for litter of the Improved compared 
to the Wild type (Fig.  1). For the Wild accession 
OM loss was slightly but significantly lower in early- 
than in late-stages of decomposition. The rate of loss 
of OM was more uniform for litter of the Improved 

than the Wild type (slope between different periods; 
Fig. 1). At the end of the study (93 days), the remain-
ing OM was 10% and 35% of original biomass for 
Improved and Wild accessions, respectively.

Litter quality throughout the incubation period

We found differences in the dynamics of the litter 
composition between Improved and Wild accessions, 
except for C concentration (significant interaction 
accession x time; Table  2 supplementary material). 
Leaf litter types did not differ in C content, neither 
at the initial time (T0) nor at the end of the period 
of decomposition (Table 1). C content decreased rap-
idly in the first 42 days of decomposition (for both lit-
ters, Improved and Wild), and then remained stable 
at around 8% (Fig.  2A). Initial litter N content was 
lower and C: N ratio higher in the senescent leaves 
of Improved than in the Wild type (Table 1). Nitro-
gen concentration of litter of the Improved acces-
sions tended to decrease for the first two months, and 
remained stable at around 0.50%, while N concentra-
tion in the litter of the Wild type decreased slowly, 
reaching 0.37% at 77 days. As a consequence of these 
differential rates of N loss, C/N ratio was higher in 
the litter of Improved plants for the first 2 months of 
decomposition, but after this moment the pattern was 

Table 1  Green leaves traits, litter quantity, and chemical composition of leaf litter at  T0 (initial quality) and  T93 (final quality) of 
Improved and Wild accessions of Silphium integrifolium. Difference between accessions were analyzed using a one-way ANOVA 
(see Materials and Methods section). ns: non-significant (P > 0.05), ** P < 0.01; *** P < 0.0001. N = 10; error df = 18 (except for 
resin concentration: N = 5, error df = 4). Data are means ± standard error. SLA: Specific leaf area; DW: dry weight

Bold numbers and letters indicate significant results

Silphium accessions

F-values IMPROVED WILD

GREEN LEAVES SLA  (cm2  g−1) 1.2ns 125.8 ± 10.1 111.8 ± 7.7
Thickness (μm) 12.7*** 624.1 ± 18.2b 732.9 ± 24.6a
N (% leaf DW) 0.1** 2.7 ± 0.3 a 1.6 ± 0.3 b

LITTER QUANTITY Senescent leaves (g per plant) 14.4*** 8.73 ± 0.69 a 3.81 ± 0.63 b
INITIAL LITTER QUALITY  (T0) N (% leaf DW) 4.5** 0.82 ± 0.04b 1.01 ± 0.03a

C (% leaf DW) 1.34 ns 37.27 ± 2.61 ns 38.90 ± 1.63 ns
C: N ratio 3.34** 43.63 ± 2.93a 38.72 ± 1.84b
Resin (% leaf DW) 27.9*** 9.45 ± 1.12 b 19.47 ± 1.34 a

FINAL LITTER QUALITY  (T93) N (% leaf DW) 2.03ns 0.52 ± 0.10 ns 0.35 ± 0.05 ns
C (% leaf DW) 1.88ns 4.93 ± 1.07 ns 7.67 ± 1.68 ns
C: N ratio 0.46ns 16.63 ± 0.92 ns 24.77 ± 1.32 ns
Resin (% leaf DW) 12.3** 30.60 ± 1.88 b 38.30 ± 4.74 a
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reversed: Wild accession had lower N content and 
higher C: N ratio (Fig. 2).

Resin concentration also varied with time and lit-
ter type. For the initial 60  days resin concentration 
increased and then remained stable for the remaining 
of the study (Fig. 2). Both at the initial stage and at 
the end of the period of decomposition, litter of Wild 
plants had a higher resin concentration that that of the 
Improved type (Table 1).

We tested the relationships of N, C/N and resin 
concentration on total leaf-mass loss (Fig.  3). There 
was a highly significant and negatively linear relation-
ship between decomposition rate and resin concentra-
tion in the leaf litter (Fig. 3C). In contrast, we did not 
find a relationship between decomposition rate and N 
concentration or C/N ratio (Fig. 3A and B).

Relationships between green-leaf traits and 
decomposability

We found that some of the traits of green leaves were 
good predictors, both of the total amount of senescent 
leaves produced by a plant and of the quality of the 
litter. Accessions with thinner leaves and with higher 
N concentration produced more litter than accessions 
with thicker leaves (Table 2). Specific leaf area (SLA) 
and N concentration of green leaves were not good 
predictors of the chemical composition of senes-
cent leaves (i.e. litter quality) or decomposition rate 
(Table  2). Leaf thickness correlated positively with 
resin concentration of the litter and negatively with 
decomposition rate (Table  2). Thicker leaves had 
a higher resin concentration and, after senescence, 
decomposed more slowly that thinner leaves (which 
had lower resin content).

Discusion

Relationship between green-leaf traits, and quantity, 
and quality of litter

Compared with natural ecosystems, plants grown 
under cultivation generally experience higher and 
more predictable nutrient and water supplies (Deni-
son 2012). Thus, it has been proposed that domestica-
tion of wild species and selection for increased yield 
move plants from resource-conservative towards 
resource-acquisitive strategies (Milla et  al. 2014; 

Vilela and González-Paleo 2015; Pastor-Pastor et al. 
2018). Our results comparing Wild and Improved S. 
integrifolium support this idea: we found that after 5 
generations of selection using yield as the main selec-
tion criteria, Improved accessions tend to bear thin-
ner leaves, with higher nitrogen concentration and 
lower resin concentration than their Wild relatives. 
Those traits tend to allow for fast growth (Freschet 
et  al. 2010). On the other hand, Wild accessions of 
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Silphium had thicker leaves that bore traits allowing 
for efficient resource conservation, typical of spe-
cies from low resource environments. Structural and 
chemical leaf-traits crucial for C gain have ‘afterlife’ 
effects, determining litter quality and decompos-
ability (Cornelissen et al. 1999). Indeed, interspecific 
variation in traits of fresh leaves and that of leaf lit-
ter tends to be strongly correlated (e.g. Freschet et al. 
2010). In this context, we expected changes in qual-
ity and quantity of litter (more litter and higher qual-
ity) caused by the domestication process that would 
accelerate the decomposition rate. Supporting our 
hypothesis, we found that Improved accessions of 
Silphium produced more than twice as much senes-
cent leaves (i.e. litter) that decompose faster than the 
Wild accessions, which should contribute to a higher 
C input and N release to the agroecosystem.

Green leaf-thickness was negatively related to lit-
ter quality (the total biomass of senescent leaves 
produced by a plant, g per plant) and to the decom-
position rate, while specific leaf area (SLA) did not 
differ between accessions, and was not related to lit-
ter quantity or decomposition. Thus, although SLA 
has been proposed as a key trait to characterize plant 
resource-use-strategies and their impact to ecosystem 
functioning (Lavorel and Garnier 2002), in our exper-
iment leaf thickness was a better predictor of C input 
(leaf senescence) and output (decomposition) than 
SLA. Changes in leaf anatomy that result in denser 
leaves structures during domestication appear to be 
one possible explanation for the absence of differ-
ence in SLA between Improved and Wild accessions 
(Ravetta et al., unpublished data).

The chemical composition of litter such as N 
content, C/N ratio, and/or lignin content are also 

considered to be predictors of leaf litter decomposi-
tion rates (Aber et  al. 1990; García-Palacios et  al. 
2013): it is expected that litter with greater C/N ratio 
and lower N content decompose more slowly. In our 
experiment, the decomposition rate was not related to 
the most commonly used chemical predictors of lit-
ter quality. In spite of the higher N content in green 
leaves and the higher total decomposition rate found 
in litter of Improved accessions, the initial litter qual-
ity was lower compared to Wild accession (i.e. lower 
N content and higher C/N ratio in senescent leaves). 
The lack of a relationship between N concentration 
in green leaves and senescent leaves indicates an 
increase in N resorption for seed-growth, caused by 
the enhanced seed-yield as found in improved acces-
sions of crops, (Havé et  al. 2017) and new domesti-
cates (Pastor-Pastor et al. 2018, 2021).

We found that the difference in decomposition 
rate between Improved and Wild accessions was 
mostly explained by differences in resin (terpe-
nes) content in the litter. Other C-based second-
ary metabolites (CSBM) such as tannins have been 
shown to slow decomposition rates and C and N 
cycling (Hattenschwiler and Vitousek 2000) while 
phenolic compounds can delay the colonization 
of litter by decomposers (Chomel et  al. 2014) and 
delay litter mass loss in the first 2 months (Loranger 
et  al. 2002). Even though the use of plant func-
tional traits such as SLA, leaf dry matter content, 
N, lignin, C/N, phenols, among others to pre-
dict decomposition rates has greatly advanced our 
understanding of litter quality in driving decomposi-
tion processes (Cornwell et al. 2008), the functional 
traits used are often too general to explain complex 
relationships and fail to explain the variability in 

Table 2  Pearson’s correlation coefficient for green leaves traits (SLA: specific leaf area, Leaf Thickness and N concentration), lit-
ter quantity (grams and % of senescent leaves per plant), litter quality (Initial chemical composition expressed as a percentage of 
the leaf dry biomass) and decomposition rate (K). Data are means ± standard error. Correlation significance are shown: ns P > 0.05; 
*P < 0.05; **P < 0.01; ***P < 0.001)

Bold numbers indicate significant results

Green Leaf traits LITTER QUANTITY LITTER QUALITY

Senescent leaves 
(g  pl−1)

Senescent leaves (%) N (%) C:N ratio Resins (%) K  (year−1)

SLA 0.22 ns 0.14 ns −0.26ns 0.40ns −0.31ns 0.18ns

Thickness −0.69** −0.72** 0.26ns −0.38ns 0.67* −0.55**
N (%) 0.59*** 0.62** −0.16ns 0.18ns −0.48ns 0.20ns
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litter decomposition rates observed. Chomel et  al. 
(2016) have proposed that some of these discrepan-
cies may result from the key roles played by second-
ary metabolites that are not considered in the analy-
sis of integrative functional traits.

The decomposition rate may vary in time due 
to changes in the composition of the decompos-
ing organic matter. The change, mostly a decrease 
in decomposability, is complex, involving both 
direct chemical changes in the substrate itself and 
the succession of microorganisms able to use these 
substrates with a given chemical composition (Berg 
et  al. 2000; Van der Putten et  al. 2013). With the 
consumption of celluloses, the concentration of 
the more recalcitrant compounds (such as resins) 
increases, and the effects of N on decomposition 
rate changes completely. For Silphium senescent 
leaves we found two phases of decomposition, 
under controlled conditions of humidity and tem-
perature: 1) an early stage (2  months into the 
decomposition process) in which concentrations of 
C (in cellulose and hemicellulose) and N decreased 
rapidly, before reaching a relatively stable value. 
During this phase, the recalcitrant compounds such 
as resin, did not decompose or decomposed more 
slowly Resin concentration, thus, increased as other 
main compounds disappeared from the decompos-
ing biomass; 2) a late stage in which resin concen-
tration reached relatively steady levels in the range 
of 35–40%. These “recalcitrant compound phases” 
may be linked to the microbial interaction model 
(Moorhead and Sinsabaugh 2006). In this model, 
only after 3  months in the decomposition process, 
the catabolic activity of the microbial community 
would be able to focus on the breakdown of highly 
polymerized and complex substances. After this 
time, total mass of the highest molecular weight 
substances decreases. In our experiment this phase 
was not evident at 90  days, which indicates that 
these resins are very recalcitrant and would take 
longer to decompose.

It is expected that if domestication changes the 
quantity and quality of litter, it may also have an 
impact on the soil food-web of the new perennial 
agroecosystems. Understanding the interactions 
of secondary metabolites and the soil food-web 
should be an important focus of future experiments 
attempting to better understand the contributions of 
different perennial crops to ecosystem processes in 

the context of the development of a multifunctional 
agroecosystem.

C sequestration and N release

Although plant traits that drive C sequestration 
mainly operate through high primary productivity 
(high C input), the C output from the ecosystem is 
determined by the decomposition rate. Both input and 
output are related: routes that provide a high C input 
generally appear to trade-off at plant individual level 
with those that are linked to slow C output (Aerts 
and Chapin 2000; Faucon et al. 2017). We found evi-
dence of this trade off: litter of Improved accessions 
decomposed faster than that of Wild one. Thus, high 
C input to the ecosystem may trade-off with short 
C residence times: Improved accession contributed 
with 8.7 g of organic matter per plant per year, and 
after 3  month of decomposition remaining biomass 
(C stock) was only 0.96 g (calculated by discounting 
the decomposed biomass estimated using the decom-
position rate in Fig.  1, to the C input). By contrast, 
Wild accessions had a longer C residence time, and 
poor-quality litter that trades off with lower litter 
incorporation: Wild accession contributed with 3.8 g 
of organic matter per plant per year, and after three-
month remaining biomass was 1.37  g (42% more 
than that of Improved litter type). The relationship 
between higher decomposition rate and lower soil C 
sequestration has been described, before (De Deyn 
et al. 2008). Microbes consume organic C and even-
tually mineralize a part of it to  CO2. A part of the C 
taken up is, however, transformed into C in microbial 
biomass, which is described by the C-Use-Efficiency 
(CUE) of that microbial community. Litters with low 
quality (low C/N ratio, such as the Wild-type litter in 
this experiment) provide high microbial CUE (Moos-
hammer et al. 2014), and this relationship determines 
an increased potential for long-term C sequestration. 
Even though we did not measure microbial respira-
tion or CUE, C retained in the microbial biomass only 
accounts for about 12% of total soil organic C (Xu 
et al. 2013). However, another model (Microbial Effi-
ciency Matrix Stabilization- MEMS; Cotrufo et  al. 
2013) for the formation of stable soil organic matter 
(SOM) proposes that the main contribution of C to 
the mineral soil is from microbial compounds pro-
duced during the degradation of litter (Mambelli et al. 
2011), while recalcitrant plant components do not 
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preferentially accumulate in soil organic matter (Mar-
schner et al. 2008). In this model the efficiency with 
which plant substrates are incorporated into microbial 
biomass and allocated to different byproducts (e.g., 
enzymes, polysaccharides) versus being mineralized 
is the prime determinant of plant-derived C and N 
contribution to soil organic matter formation (Cotrufo 
et al. 2013).

Mineralization also result in breakdown of organic 
materials into their constituents by which nutri-
ents are made available for nutrient cycling and an 
increased soil fertility (Vitousek and Sanford 1986). 
Mooshammer et  al. (2014) proposed that both, the 
microbial decomposer communities and the qual-
ity of litter (C/N ratio) regulate microbial Nitrogen-
Use-Efficiency (NUE, how much of the N taken up is 
incorporated into microbial biomass as growth) and 
N mineralization (N recycling to the environment as 
inorganic N). Litter with low C/N ratio (N-sufficient 
conditions; such as the Wild type-litter in this experi-
ment), determines a low microbial NUE. This lower 
NUE indicates that less N is converted to biomass, 
whereas a relatively large fraction of the organic 
N is released as ammonium (high N mineraliza-
tion). According to this model, despite of the lower 
decomposition rate of the Wild litter-type, this litter 
would provide higher N to the soil, in relation to the 
Improved litter-type with higher C/N ratio. Support-
ing this hypothesis, we found that N released from the 
Wild litter type was higher (65%) that than of the lit-
ter Improved plants (40%). The uncoupling of decom-
position and mineralization (i.e. low decomposition 
but high N release) could be mediated by the resin 
concentration in the litter.

Implications for multifunctionality during perennial 
domestication

DeHaan et al. (2016) proposed some criteria to guide 
domestication of new perennial crops, among which 
is “Enhanced Ecosystem Services”. One important 
ecosystems service is soil C sequestration. In this 
context, litter decomposition is a critical service, that 
determines productivity and the manner in which an 
ecosystem recycles nutrients, renews soil fertility, 
sequesters C in the soil (Wall et al. 2004).

A strategy for increasing soil C sequestration and 
fertility in agroecosystems is to modify the C quality 
of litter in order to decrease the rate of decay, as a way 

of promoting the transition of C into the soil organic 
matter fraction which is resistant to decomposition, 
while maintaining or increasing C inputs (Johnson 
et al. 2007). Thus, biomass with slower decaying resi-
dues has been recommended for C sequestration in 
erodible lands and semi-arid zones (Diack and Stott 
2017). In addition, this strategy favors nutrient reten-
tion and slower release of nutrients.

Our results for S. integrifolium show that Improved 
accessions provide a higher C input to the soil, due to 
their higher productivity, than Wild accessions. How-
ever, after selection, leaf structure and composition 
also changed, and leaf litter of Improved accessions 
had opposite characteristics than those needed for low 
decomposition rates. The most relevant change found 
in our experiment is the relevance of C-based second-
ary metabolites as key drivers in the decomposition 
process. Given recent evidence of the MEMS model, 
we now pose the question if traditional metrics of 
litter quality relate to their role in soil organic mat-
ter formation and C sequestration. According to the 
MEMS model low molecular weight compounds are 
degraded faster, causing labile litter to decay faster, 
but with a relatively higher accumulation of micro-
bial products and concomitant stable SOM forma-
tion in the long term. Low-quality litter will initially 
decompose more slowly, but less of the initial mass 
will be converted into microbial products. The role of 
litter quality on stable soil organic matter formation 
requires further testing to evaluate its role in the C 
sequestration capacity of an agroecosystem.

Detailed knowledge of the effect of eco-phys-
iological plant trait on soil properties and ecosys-
tem processes and services is of major significance 
and will allow for the design of plants that deliver 
the intended regulatory (and provision) services, 
for sustainable soil management. A desired option 
would be to combine traits that promote nutrient 
availability and support primary productivity with 
traits that promote soil C stabilization through slow 
decomposition and incorporation to mineral soil. 
We found that Improved accession for increased 
seed production, also had thinner leaves and more 
litter production when compared to low-yielding 
Wild accession, although thicker leaves have a 
higher resin content and decompose more slowly. It 
remains to be seen if leaf thickness and seed-yield 
are tightly linked genetically or functionally inte-
grated, and there is a need to use it as an additional 
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criterium for selection. We are currently attempting 
to develop recombinant lines with all trait combina-
tions to test whether thick leaves/high resin content/
slower decomposition should be included as breed-
ing targets in the domestication of Silphium and 
other similar new perennial crops.

We conclude that five cycles of selection for 
increase seed-yield in perennial Silphium, resulted 
in changes in resource-use-strategy at leaf level, 
which lead to a change in the chemical composition 
of the litter, in the C input (litter quantity) and out-
put (decomposition rate) to the agroecosystem. These 
unexpected changes could compromise some regula-
tory ecosystem services such as C sequestration and 
biogeochemical cycling, relevant for ecological inten-
sification and need to be monitored during the domes-
tication of new perennial grain crops.
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