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Abstract 16 

Decomposing litter is regarded as the most important source of allelochemicals released 17 

into soil. In this study, a greenhouse experiment was designed to assess the net effect of 18 

differently aged leaf litter from exotic (Ailanthus altissima, Robinia pseudoacacia and Ulmus 19 

pumila) and native riverine trees (Populus alba, Populus nigra and Ulmus minor) on the 20 

germination and growth of three herb species (Trifolium repens, Dactylis glomerata and 21 

Chenopodium album). We also characterized the chemical composition of litter samples at 22 

different litter ages (0, 1, 2 and 3 months) based on phenolic compounds, fibers and ergosterol 23 

(as a measure of fungal biomass) contents. Overall, litter from both native and exotic species 24 

had a negative effect on shoot and root growth of target species, indicating that phytotoxic 25 

effects of litter predominate over positive effects. The inhibition effect of the exotic species was 26 

similar or even lower than that of the natives, which does not support the Novel Weapons 27 
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Hypothesis. Among exotic trees, U. pumila showed the highest inhibition effect on the growth 28 

of the target species. T. repens was the most sensitive target species. The importance of litter 29 

age varied with both target and donor species. In general, D. glomerata was more inhibited by 30 

fresh litter, C. album by half-decomposed litter of U. pumila and R. pseudoacacia and by fresh 31 

litter of A. altissima and T. repens was more inhibited by fresh litter of A. altissima and P. alba32 

and by highly decomposed litter of U. minor. The concentration of total phenolics and 33 

flavonoids decreased while acid detergent fiber, lignin and ergosterol increased with increasing 34 

litter age. Hydroxybenzoic and protocatechuic acids and the flavonoid quercetin were detected 35 

in all litter species and at most of the litter ages, while gallic, chlorogenic, vanillic, coumaric 36 

and rosmarinic acids were species-specific and they were only detected in fresh litter. Ergosterol 37 

concentration appeared as the strongest constrictor of inhibitory effects of litter on understory 38 

species. The results of this study contribute to the understanding of the net effect of fresh and 39 

decomposed litter from exotic and native trees on the growth of understory species. 40 

41 
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Introduction 45 

Invasive non-native species are one of the biggest threats to native ecosystems since 46 

their spread is occurring at an alarming speed (Hulme, 2009). Successful invasive plant species 47 

alter the functioning of ecosystems, threaten native biological diversity and they can even cause 48 

species extinctions (Gurevitch & Padilla, 2004; Sousa, Morais, Dias, & Antunes, 2011; Vilà et 49 

al., 2006). One of the hypotheses explaining the success of exotic species is the “Novel 50 

Weapons Hypothesis”, which suggests that invasive species can release phytotoxic chemicals 51 

that are novel to resident native species and act as unusually powerful allelopathic agents 52 

(Callaway & Ridenour, 2004). Because of that novelty, plants lack the strategies to resist or 53 

tolerate the toxic effects of chemicals released from exotic species. Consequently, the invader 54 

gains a competitive advantage in the region of introduction and becomes dominant in the 55 
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community (Callaway & Ridenour, 2004). The Novel Weapons Hypothesis predicts not only 56 

stronger allelopathic effects produced by exotic invasive plant species in their invaded range of 57 

distribution than in their native one, but also stronger effects produced by invasive plant species 58 

than by native ones on the native community. However, exotic species not always exert greater 59 

allelopathic effects than native ones, likely due to the species-specific effects and the context-60 

dependence driving allelopathic interactions (Catalán, Vázquez-de-Aldana, de las Heras, 61 

Fernández-Seral, & Pérez-Corona, 2013; Del Fabbro & Prati, 2015; Medina-Villar, Alonso, 62 

Castro-Díez, & Pérez-Corona, 2017; Pisula & Meiners, 2010). Thus, comparing the allelopathic 63 

potential of native and exotic species is essential to evaluate the relative role of allelopathy in 64 

the invasion success of the exotic species (Del Fabbro, Güsewell, & Prati, 2014).   65 

  Decomposing litter is regarded as the most important source of allelochemicals released 66 

into soil (Chaves, Sosa, Valares, & Alías, 2015; Reigosa, Sánchez-Moreiras, & González, 67 

1999). The phytotoxicity of litter is often attributed to the release of secondary metabolites, such 68 

as phenolic compounds, but also to other compounds produced by soil microorganisms (Chaves 69 

et al., 2015; Harper & Lynch, 1982). Litter decomposition phases include the release into the 70 

soil of easily soluble and decomposable compounds first and stable and recalcitrant compounds 71 

later (Berg & Staaf, 1981; Mcneill & Unkovich, 2007). Phytotoxic effects of litter usually occur 72 

at early stages of decomposition, when the concentrations of allelochemicals are higher 73 

(Bonanomi, Sicurezza, Caporaso, Esposito, & Mazzoleni, 2006; Kainulainen & Holopainen, 74 

2002). Some litter traits may determine the allelopathic effects of litter from different species, 75 

so that plant species with higher decomposition rates, or higher concentration of allelochemicals 76 

exert the greatest allelopathic effects (An, Johnson, & Lovett, 2002; Bonanomi et al., 2011; 77 

Huang, Haig, Wu, An, & Pratley, 2003). Litter can also have positive effects on plant growth 78 

because it improves soil characteristics, providing and keeping soil nutrients or enhancing soil 79 

humidity (Facelli & Pickett, 1991; Li et al., 2014). In fact, physical and chemical properties of 80 

litter determine how different plant species affect soil properties and plant communities (Facelli 81 

& Pickett, 1991; Xiong & Nilsson, 1999). Therefore, when studying the effect of litter on plant 82 

growth, it is important to take into account the net effect, i. e. the balance between facilitative 83 



4

and inhibitory effects. In fact, positive effects of litter could surpass the negative ones, favoring 84 

plant growth (Meisner, de Boer, Cornelissen, & van der Putten, 2012). Often, invasions by 85 

exotic trees introduce litter with different physical-chemical composition, decomposition rates 86 

and nitrogen release rates than had the native tree species replaced by them (Incerti et al., 2018; 87 

Jo, Fridley, & Frank, 2016; Medina-Villar, Alonso, Vázquez-de-Aldana, Pérez-Corona, & 88 

Castro-Díez, 2015a; Medina-Villar, Castro-Díez et al., 2015b), which could affect understory 89 

plant communities. However, it is poorly understood if differently aged litter from exotic and 90 

native tree species can have different net effects on the germination and growth of understory 91 

plants.   92 

Riparian forests are environmental landscape singularities within the Mediterranean 93 

biogeographical context (Sabater & Elosegi, 2009) and represent main corridors for exotic 94 

plants (Sanz-Elorza, Dana-Sánchez, & Sobrino-Vesperinas, 2004). Riverine agriculture and 95 

human regulation of river flows favor dispersion and establishment of the invasive species 96 

(Elosegi, Díez, & Mutz, 2010). In Central Spain, the riverine native tree species Fraxinus 97 

angustifolia L. (Oleaceae), Ulmus minor Mill. (Ulmaceae), Populus alba L. (Salicaceae) and 98 

Populus nigra L. coexist with the exotics Ulmus pumila, Ailanthus altissima (Mill.) Swingle 99 

(Simaroubaceae) and Robinia pseudoacacia L. (Fabaceae) (Castro-Díez, González-Muñoz, & 100 

Alonso, 2014). The allelopathic potential of U. pumila has been highlighted previously (Pérez-101 

Corona, de las Heras, & Vázquez-de-Aldana, 2013). A. altissima and R. pseudoacacia are 102 

considered two aggressive invasive trees in Central Spain and worldwide (GEIB, 2006; Pyšek et 103 

al., 2009; Sanz-Elorza et al., 2004) and their ability to inhibit plant growth and germination by 104 

means of allelopathy has been reported (De Feo, De Martino, Quaranta, & Pizza, 2003; Nasir, 105 

Iqbal, Hiradate, & Fujii, 2005; Pisula & Meiners, 2010). Previous studies showed that litter 106 

from U. pumila, A. altissima and R. pseudoacacia had different chemical composition and/or 107 

decomposition rates than litter from co-existing native species (Alonso, González-Muñoz, & 108 

Castro-Díez, 2010; Castro-Díez, González-Muñoz, Alonso, Gallardo, & Poorter, 2009; Castro-109 

Díez, Fierro-Brunnenmeister, González-Muñoz, & Gallardo, 2012; González-Muñoz, Castro-110 

Díez, & Parker, 2013; Medina-Villar et al., 2015a, 2015b). Bioassays using litter leachates from 111 
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A. altissima and R. pseudoacacia did not consistently show greater phytotoxicity regarding 112 

native species (Catalán et al., 2013; Medina-Villar et al., 2017). However, it is unknow if during 113 

the decomposition process the net effect produced by litter on understory plant species could 114 

differ between the riverine exotic and native trees.  115 

In this study we aimed to determine the net effect of differently aged leaf litter of native 116 

and exotic riparian tree species on the germination and growth of native understory herbaceous 117 

species. Specific objectives were: 1) To determine whether litter from exotics (A. altissima, R. 118 

pseudoacacia and U. pumila) and natives (P. alba, P. nigra, U. minor) had a differential effect 119 

on the target species, 2) to evaluate how litter age (0, 1, 2, 3 months) influenced the net effect of 120 

litter, 3) to assess whether the response of the herbaceous target species (Trifolium repens L., 121 

Dactylis glomerata L. and Chenopodium album L.) was specific and 4) to explore the 122 

relationships between the chemical composition of litter, in terms of phenolic compounds, fibers 123 

and ergosterol contents, and the net effect of litter on target species.  124 

125 

Materials and methods 126 

Study area and plant species 127 

The study area is located in “Soto del Henares” (40°32'15" N, 3°16'5.15" W), situated 128 

on the right bank of the Henares river (Madrid, Spain) with a continental Mediterranean climate. 129 

The area covers a well-conserved riparian forest with reedbeds (Phragmites australis, Typha 130 

spp), willow woods (Salix spp), poplar groves (Populus spp), and elm groves (U. minor), 131 

although the main formations are P. alba groves (Martínez, 2000) growing on a fluvisol 132 

developed over undifferentiated quaternary materials (Mauri Ablanque, 2000). In some 133 

restricted areas, the presence of exotic tree species, such as A. altissima, U. pumila or R. 134 

pseudoacacia has been detected. The riparian forests located in the study area are very rich in 135 

understory species (Martínez, 2000). 136 

In this area, three native and three invasive deciduous tree species were selected as leaf 137 

litter donors. The native species were: U. minor, whose populations were reduced in Europe due 138 

to the disease produced by the pathogen Ophiostoma novo-ulmi (Solla et al. 2005) and P. alba139 
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and P. nigra, distributed in central Europe, western Asia and northern Africa. The invasive 140 

species were: A. altissima, native to northern China and commonly found in Spain since the 141 

beginnings of the 19th century (Sanz-Elorza et al., 2004); R. pseudoacacia, a nitrogen fixer 142 

native to the east of the United States of America, introduced to Spain in the 18th century 143 

(Sanz-Elorza et al., 2004); and U. pumilla, native from north and northeast China, east of 144 

Siberia and Corea and introduced to Spain during the 16th century (Castro-Díez et al., 2014). 145 

The three exotic trees are found colonizing riparian forests in Spain (Castro-Díez et al., 2014). 146 

Three herbaceous species occurring in the riparian study area were used as target or receptor 147 

species: the perennials Dactylis glomerata (Gramineae) and Trifolium repens (Leguminosae), 148 

and the annual Chenopodium album (Chenopodiaceae) (Martínez, 2000; Mauri Ablanque 149 

2000). Seeds of the target species were purchased from Semillas Silvestres 150 

(http://www.semillassilvestres.com, Spain). 151 

Collection of plant material 152 

Freshly fallen leaf litter was collected from the exotic tree species, A. altissima, U. 153 

pumila and R. pseudoacacia, and the native ones, U. minor, P. alba and P. nigra. For each 154 

species, 1 kg of litter was collected from at least 10 individuals at different sites located across 155 

the banks of the Henares river. At the laboratory, the leaf litter was dried at room temperature 156 

for two weeks, and then dried at 60 ºC in a forced-air oven, until constant weight. For each tree 157 

species, 25 nylon bags of 1 cm2 mesh size containing 4.0 g (dry weight) of litter were prepared. 158 

All litter bags were then taken to a native forest located close to the Henares riverbank in the 159 

study area (Alcalá de Henares, Madrid, Spain).  Beneath the canopy, six plots of 0.80 x 0.80 m 160 

(one per litter species) were selected and 25 litter bags were buried at each plot under a shallow 161 

layer of topsoil and litter. In order to characterize the soil where the different litters decomposed 162 

three composite soil samples were analyzed. The soil had a sand texture and the following 163 

parameters (mean ± SD): pH 7.46 ± 0.03; organic matter (OM) 8.6 ± 2.4%; calcium carbonate 164 

(CaCO3) 22.3 ± 8.7%; carbon (C) 5.0 ± 1.4%; nitrogen (N) 0.04 ± 0.01%; phosphorus (P) 47 ± 165 

10 mg/Kg; calcium (Ca) 10.3 ± 0.4 mg/g; and potassium (K) 396 ± 118 mg/kg.   166 

http://www.semillassilvestres.com/
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After one, two and three months (t1, t2 and t3, respectively) five litters in the bags of 167 

each species per plot were collected. The leaf litter in bags was carefully washed with distilled 168 

water to remove soil particles adhering to the leaves and then dried at 60 °C to constant weight 169 

and frozen (-80 °C) until use. Fresh litter was considered as t0. Bonanomi et al. (2006) also used 170 

three months as decomposition period to study phytotoxicity dynamics of plant residues. 171 

However, other studies considered longer time periods (from six months to more than one year) 172 

to study litter decomposition (Bonanomi et al., 2017, 2011; Castro-Díez et al., 2012, 2009; 173 

Incerti et al., 2018; Jo et al., 2016). The decomposition period used in this study was chosen 174 

because after three months from leaf fall most soluble phenolics are expected to be released 175 

from decomposing litter (Kuiters & Sarink, 1986). In addition, we can assure that the period of 176 

time we used gives a good representation of the whole decomposition process because after 177 

three months all litter species showed an advanced degree of decomposition (personal 178 

observation). Besides, we needed certain quantity of litter for the pot experiment (see below) 179 

and, after three months of litter decomposition, the quantity of leaf litter of some tree species 180 

with high decomposition rates (A. altissima) (Alonso et al., 2010; Castro-Díez et al., 2012, 181 

2009; Medina-Villar et al., 2015a) was limited. For each species, fresh and decomposed litter 182 

samples (t0, t1, t2 and t3) were analyzed for the concentration of phenolic compounds, fibers 183 

and ergosterol (see the methods below). Litters bags from P. nigra at t3 were lost in the field 184 

and this treatment could not be used in the experiments. 185 

Pot experiment 186 

A pot experiment conducted in a glasshouse was designed to study the net effect of 187 

differently aged native and non-native litter on germination and plant growth of the three target 188 

species (D. glomerata, T. repens and C. album). For each target species, we used a total of 100 189 

pots: 6 donor species  4 litter ages  4 replicates, plus 4 pots without litter as control. Pots (10 190 

cm diameter) were partially filled with a mixture of perlite and sand (2:1 v/v). A layer of leaf 191 

litter was mixed with an extra volume of sand and perlite (75 cm3) and applied on the surface of 192 

each pot. To avoid differences in litter size among donor species, the dried leaf litter was 193 

crushed by hand to get fragments of 10 mm2 approximately. The amount of leaf litter of each 194 
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donor species was estimated considering the annual mean litterfall reported in these riparian 195 

forests (González-Muñoz et al., 2013): A. altissima 0.40 g/pot, R. pseudoacacia 0.20 g/pot, U. 196 

pumila 0.48 g/pot ; P. alba 0.54 g/pot; P. nigra 0.54 g/pot; U. minor 0.48 g/pot. Ten seeds of 197 

each target species were sown in each pot. All pots were randomly placed in a glasshouse, at 24 198 

ºC/15 ºC (day/night) temperature and 60% relative humidity. Seedling emergence was 199 

controlled daily, and two weeks after sowing five seedlings were left in each pot. Pots were 200 

irrigated with tap water every two days and two weeks after sowing a commercial fertilizer (N 201 

4%; P2O5 4%; K2O 6% and microtutrients) was added once a week. Four weeks after sowing, all 202 

plants were harvested, and roots were separated from shoots. Root length measurements were 203 

obtained from digital images scanned in a scanner (Epson V700) and using WinRhizo (Régent 204 

Instruments Canada Inc.). All plant material was dried at 60 ºC for 48 h and dry weight of 205 

aboveground and belowground biomass was determined.  206 

Chemical analysis of litter 207 

Preparation of extracts 208 

Litter extracts for chemical analysis were prepared as indicated by Reynaud et al. 209 

(2010). An aliquot of 100 mg of each dried litter sample was extracted with 80% ethanol (5 mL) 210 

for 60 min, filtered (Filter-lab 1244) and the residue washed with 5 mL of the solvent and 211 

filtered. The filtered extract was evaporated to dryness in a rotary vacuum evaporator at 50 °C. 212 

The residue was dissolved in 80% ethanol (1 mL), filtered through a nylon membrane (13 mm; 213 

0.45 m) and stored at −20 °C until chemical analysis of phenolic compounds (total 214 

concentration and characterization by HPLC) 215 

Determination of total phenolic and flavonoid concentration 216 

The concentration of total phenolic compounds was determined by the colorimetric 217 

method using the Folin-Ciocalteau reagent (Singleton, Orthofer, & Lamuela-Raventos, 1999). 218 

Briefly, 150 L of the extract was mixed with 3 mL of distilled water followed by the addition 219 

of 250 L of Folin-Ciocalteu reagent (Scharlab Chemie SA). After 6 min, 750 L of a 7% 220 

Na2CO3 solution was added. The mixture was shaken and then brought up to 5.0 mL with 221 

distilled water. Absorbance was measured after 120 min at 760 nm in a UV-visible Cary 50 222 
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Probe Spectrophotometer, using gallic acid (Acrós Organics) as a reference standard for 223 

quantification. 224 

Total flavonoid content was determined by using a colorimetric method described 225 

previously (Dewanto, Wu, Adom, & Liu, 2002). Briefly, 500 µL of the plant extract was mixed 226 

with 3 mL of distilled water followed by 0.3 mL of a 5% NaNO2 solution. After 5 min 0.6 mL 227 

of a 10% AlCl3∙6H2O solution was added and allowed to stand for another 5 min before 2 mL of 228 

1M NaOH was added. The mixture was shaken and then brought to 10 mL with distilled water. 229 

The absorbance was measured immediately at 510 nm using (+) catechin as reference standard 230 

for quantification. 231 

Characterization of phenolic acids and flavonoids by HPLC 232 

The concentrations of phenolic acids were determined in the extracts with a HPLC 233 

system comprising a Waters 2695 Separations module systems with a Symmetry C18 Waters 234 

column (5 m, 3.9  150 mm), and a photodiode array detector (Waters 996). To analyse the 235 

phenolic acids (benzoic and cinnamic acid derivatives) the gradient consisted of solvent A236 

(methanol supragradient HPLC grade) and solvent B (2% acetic acid) applied at a flow rate of 237 

0.6 mL/min as follows: 5% A for 5 min; from 5% A at 5 min to 30% A at 20 min in a linear 238 

gradient; from 30% A at 28 min to 60% A at 37 min in a linear gradient; from 60% A at 37 min 239 

to 100% A at 42 min in a linear gradient. The signal was monitored at 260 nm and 330 nm and 240 

phenolic compounds were identified by comparing their retention times and UV spectra with 241 

those of standards and were quantified using external standard calibration curves. The phenolic 242 

acid standards for caffeic, p-coumaric, p-hydroxibenzoic, ferulic, gallic, protocatechuic, sinapic, 243 

syringic, vanillic and chlorogenic acids were purchased from Acrós-Organics.  244 

To analyse flavonoids, the gradient consisted of solvent A (methanol supragradient 245 

HPLC grade) and solvent B (0.5% H3PO4) was applied at a flow rate of 1.2 mL/min as follows: 246 

2% A for 6 min; from 2% A at 6 min to 45% A at 12 min in a linear gradient, 45% A for 13 min. 247 

The signal was monitored at 270 nm and 330 nm. The standards, such as quercetin and 248 

rosmarinic acids were purchased from Sigma-Aldrich.  249 

Determination of acid detergent fiber, lignin and cellulose  250 
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Acid detergent fiber (ADF), lignin and cellulose concentrations were determined using 251 

the filter bag technique, with an Ankom Automated Fiber Analyzer A2000, based on the 252 

analytical method of Goering and Van Soest (1970).  253 

Determination of ergosterol 254 

Ergosterol is a molecule that only appears in the cell membrane of fungus and thus its 255 

concentration in litter gives an estimation of the fungal colonization, which usually increases 256 

with litter decomposition (Ekblad, Wallander, & Nasholm, 1998). Ergosterol concentration was 257 

analyzed following the methodology of Gessner (2005). Briefly, 100 µg of each freeze-dried 258 

leaf sample was mixed with 10 mL of 0.14 M KOH (diluted in methanol) and incubated at 80 259 

°C for 30 min. After that, the incubated mixture and 5 mL of 0.75 M HCl were added to an acid 260 

pre-conditioned SPE cartridge (Waters Sep-Pack Vac RC, 500 mg, tC18) with an acidified 261 

extract solution (0.14 M KOH in methanol: 0.75 M HCl; 6:1 v/v). After that, the cartridge was 262 

washed with 2.5 mL of 0.4 M KOH in 60% methanol (v/v) and dried (60 min with stream air). 263 

Ergosterol was eluted into HPLC vials with 1.6 mL of isopropanol. The separation of ergosterol 264 

from matrix lipids was performed by HPLC with a Waters 2690 system with a Sunfire C18 265 

Waters column (5 m; 5.6  250 mm), at 33 °C. The mobile phase was methanol (100%) at a 266 

flow rate of 1.4 mL min–1. Ergosterol was detected at 282 nm with a Photodiode Array Detector 267 

(PDA) Waters 2996. 268 

Parameters and statistical analyses 269 

Germination speed of target species was calculated using the index of Einhellig, Schon, 270 

and Rasmussen (1982): 271 

272 

n
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273 

Where, N1, N2, N3, Nn represent the proportions of germinated seeds on day 1, 2, 3�n after the 274 

beginning of the experiment. The germination speed S varied from 0 (no seeds germinated by 275 

the end of the experiment) to 100 (all seeds germinated on the first day). We used the response 276 

index because it allows us to compare the parameters among the three herbaceous target species. 277 
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For each parameter (germination speed, shoot biomass, root biomass and root length), the 278 

response index (RI) was calculated as follows (Williamson & Richardson, 1988):  279 

RI = 1 – (C/T), if T > C  280 

RI = (T/C) – 1, if T < C 281 

Where T = treatment value and C = control. Positive values of RI indicate stimulation by the 282 

treatments and negative values indicate inhibition, always relative to the measures of the control 283 

plants. We will refer increases or decreases in RI considering the RI absolute value. Thus, the 284 

higher the absolute value of RI, the greater the inhibition (if RI negative) or the stimulation (if 285 

RI positive), relative to a growth parameter.  286 

The response index (RI) of each parameter (germination speed, shoot biomass, root 287 

biomass, root length) was analysed using two-way ANOVA with litter species and litter age as 288 

main factors, followed by Tukey post-hoc test. When the interaction species x litter age was 289 

significant, differences between litter ages was compared for each litter species by a one-way 290 

ANOVA, followed by a post-hoc Tukey test. To assess whether leaf litter characteristics were 291 

related to litter age or donor species, we performed one-way ANOVA for each factor, since the 292 

lack of replicates impeded the performance of two-way ANOVA using both factors. To evaluate 293 

relationships between chemical composition of differently aged litter from the donor species 294 

and its effect on target species (RIs for shoot biomass, root biomass and root length), we 295 

performed correlograms (i. e. a graphical display of a correlation matrix) based on Pearson 296 

correlations for all donor species together and also for each donor species separately. A 297 

principal component analysis (PCA) with all dependent variables (litter chemical composition 298 

and RIs for shoot biomass, root biomass and root length) was performed displaying ellipses for 299 

different levels of each factor (origin of the tree species, tree donor species, target species and 300 

litter age). For each factor (origin of the donor species, donor species, target species and litter 301 

age), non-overlapping ellipses indicate significant differences (P < 0.05) among the levels of the 302 

factor, regarding all dependent variables. Statistical analyses were performed using Statistica 303 

6.0 and R software 3.4.3 (R Core Team 2019). We used in R software the function “corrplot” 304 
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for the correlograms and the functions “prcomp” and “autoplot” for PCA plots (Horikoshi & 305 

Tang, 2016; Tang, Horikoshi, & Li, 2016; Wei & Simko, 2017).  306 

307 

Results 308 

Effect of litter species and litter age on RI of target species 309 

The RI of the germination percentage and speed of the three target species did not 310 

significantly differ among litter treatments, neither donor species nor litter age (See Appendix 311 

A: Fig. 1 and Table 1). The effect of litter on the germination speed of C. album was clearly 312 

inhibitory regardless donor species or litter age (See Appendix A: Fig. 1).  313 

The RIs of shoot and root dry matter (DM) and root length of the three target species 314 

differed significantly among donor species and/or litter ages, depending on the target species 315 

(See Appendix A: Table 1).   316 

All litters inhibited the growth of T. repens, as indicated by negative RI values (Fig. 1). 317 

The negative effect of litter from A. altissima and P. alba on shoot and root DM of T. repens318 

was attenuated as litter age increased (Figs. 1A and B). Conversely, the negative effect of litter 319 

from the natives U. minor and P. nigra on shoot and root DM of T. repens tended to increase as 320 

litter age increased (Figs. 1A and B). The negative effect of litter from the rest of the donor 321 

species (R. pseudoacia, U. pumila) on shoot and root DM of T. repens was similar at all litter 322 

ages (Figs. 1A and B). The effect of litter on root length of T. repens depended on the donor 323 

species, with U. minor, U. pumila and P. nigra litter producing the greatest inhibitory effect, 324 

and A. altissima the lowest (Fig. 1C).  325 

In the case of D. glomerata, the shoot DM and the root length were significantly 326 

affected by litter age but not by the donor species and the root DM was significantly affected by 327 

both factors. The t0 litter produced the highest inhibition in shoot and root DM and in root 328 

length of D. glomerata (Fig. 2). U. pumila and P. nigra had the greatest inhibition effect on root 329 

DM of D. glomerata whereas the exotic R. pseudoacia had the lowest (Fig. 2B).  330 

R. pseudoacacia and A. altissima had no effect on shoot DM of C. album, while U. 331 

pumila, P. alba and P. nigra had the highest inhibitory effect (Fig. 3A). P. nigra also had the 332 
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highest inhibitory effect on root DM of this target species (Fig. 3B).  Regarding litter age, litters 333 

decomposing for three months (t3) had lower inhibitory effect on root DM of C. album than 334 

litters decomposing for one or two months (t1 and t2, respectively) (Fig. 3B). The highest 335 

inhibitory effects on root length of C. album were produced by fresh litter (t0) of A. altissima, 336 

t2-litter of R. pseudoacacia and t1-litter of U. pumila. Litter age did not affect the inhibitory 337 

effects produced by litter from of P. alba, P. nigra and U. minor (Fig. 3C).  338 

Chemical composition of litter339 

Figure 4 shows concentrations of total phenolic compounds (TPh), total flavonoids 340 

(TFl), ADF, lignin, cellulose and ergosterol in the litter of each donor species at different litter 341 

age. In all species, the concentration of TPh and TFl decreased with litter age with a pronounced 342 

reduction in the first month, from t0 to t1 (Figs. 4A and B). Although TPh and TFl did not 343 

significantly differ among donor species, fresh leaf litter (t0) of P. alba and A. altissima showed 344 

the highest TPh content and both poplar species, P. alba and P. nigra, showed the highest TFl 345 

contents (Figs. 4A and B). ADF and lignin but not cellulose concentration tended to increase as 346 

the litter age increased (Figs. 4C, D and E). A. altissima showed the lowest ADF and lignin 347 

contents (Figs. 4C and D). Regarding ergosterol, A. altissima litter showed the highest 348 

concentration while P. nigra showed the lowest (Fig. 4F).  349 

By means of HPLC, several phenolic acids and flavonoids were identified and 350 

quantified (See Appendix A: Table 2). Other peaks appeared in the chromatograms, but their 351 

identity could not be determined. Hidroxybenzoic and protocatechuic acids were detected in all 352 

litter species and at most litter ages. The quercetin flavonoid was detected in all fresh litters (t0) 353 

and in R. pseudoacacia and P. nigra at all litter ages. Ferulic acid was detected in all fresh litters 354 

(t0) except R. pseudoacacia. Other compounds were species-specific as they were only detected 355 

in some species (See Appendix A: Table 2).  356 

Relationships between RI of target species and chemical composition of litter 357 

Figure 5 shows Pearson correlations between dependent variables: chemical 358 

composition of litter from donor species and the RIs of the target species. Only the 359 

concentration of ergosterol was positively correlated with all the RIs of the target species, 360 
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indicating that litter with higher concentration of ergosterol exerted lower effect on the growth 361 

of the target species (Fig. 5). Cellulose was negatively correlated with RI of root length, 362 

showing that litters rich in cellulose had higher effect on the root length of target species (Fig. 363 

5). The concentrations of TPh and TFl were negatively correlated with ergosterol, ADF and 364 

lignin contents (Fig. 5). When calculating the correlation matrix for each donor species 365 

separately, significant correlations between RIs and chemical composition of litter were only 366 

found in the case of A. altissima, being the RIs of shoot DM and root length negatively 367 

correlated with TPh and TFl concentrations and positively correlated with ergosterol (See 368 

Appendix A: Fig. 2). Besides, RI root length of the target species was positively correlated with 369 

the concentration of lignin and ADF of A. altissima litter (See Appendix A: Fig. 2). 370 

The PCA performed with all dependent variables (litter chemical composition and RIs) 371 

resulted in two components explaining 40.3% (PC 1) and 28.7% (PC2) of the variance (Fig. 6). 372 

The overlap of ellipses indicated that the effect of litters on the RI variables did not differ 373 

between origins of the donor species (native and exotic) (Fig. 6A), nor among donor species 374 

(Fig. 6B) or among target species (Fig. 6C). However, fresh litters (t0) with greater 375 

concentration of total phenolics and total flavonoids were differentiated from two-month and 376 

three-month decomposed litters (t2 and t3, respectively) (Fig. 6D).  377 

378 

Discussion379 

Is the litter effect of native tree species different from the litter effect of the exotic ones? 380 

Overall, the net effect of litter from both native and exotic tree donor species on the 381 

growth of the three target herbaceous species was negative, indicating that phytotoxic effects of 382 

the litter predominate over positive ones. However, contrary to the Novel Weapons Hypothesis, 383 

we found that growth inhibition produced by the exotic tree species on understory herbaceous 384 

species was similar or even lower than that produced by the natives. Thus, our results suggest 385 

that allelopathy through litter decomposition is a mechanism of plant-plant competition by 386 

which both exotic and native tree species similarly affected understory herb species. This is in 387 
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agreement with Medina-Villar et al. (2017) and Catalán et al. (2013), who reported that neither 388 

frequency nor the magnitude of the allelopathic effects on understory herbaceous species 389 

produced by leaf litter extracts of the invasive trees A. altissima and R. pseudoacacia were 390 

greater than those produced by natives. Similarly, a field experiment showed no greater 391 

allelopathic effects produced by exotic species than by natives on the germination of native 392 

target species (Del Fabbro & Prati, 2015). The allelopathic potential of the exotic U. pumila393 

litter has been assessed individually (Pérez-Corona et al., 2013). Here, we further found that the 394 

relative role of allelopathy through litter in plant-plant competition could be more important in 395 

U. pumila than in the other exotic tree species, A. altissima and R. pseudoacacia.396 

All the phenolic compounds (phenolic acids and flavonoids) detected in this study have 397 

been reported to have phytotoxic activity in several plant species (Araniti et al., 2018; Costa-398 

Gil, Díaz-Tielas, Reigosa, & Sánchez-Moreiras, 2015; Li, Wang, Ruan, Pan, & Jiang, 2010; 399 

Nasir et al., 2005). According to the Novel Weapons Hypothesis, the novelty of phytotoxic 400 

compounds in the invaded ecosystem could give exotic species a competitive advantage because 401 

recipient species could not possess the mechanisms to fight against those compounds (Callaway 402 

& Ridenour, 2004). However,  some of the phenolic compounds that we detected in only one of 403 

the litter species, e. g. gallic acid in A. altissima or vanillic acid in P. alba, are widely 404 

distributed in plant species (Cappuccino & Arnason, 2006; Ghareib, Abdelhamed, & Ibrahim, 405 

2010). Besides, quercetin, a flavonoid related to the allelopathic potential of R. pseudoacacia406 

(Nasir et al., 2005) was detected in the litter of all species. Thus, considering the litter 407 

compounds explored in this study (i. e. phenolics and flavonoids), there was no pattern of 408 

exclusiveness in the compounds from exotic litter.  409 

Factors modulating litter effects on the growth of target species 410 

An increase in the concentration of phenolic compounds (either in plant litter or root 411 

exudates) can increase the inhibitory effect on plant germination and growth (Huang et al., 412 

2003; Reigosa, Souto, & González, 1999).  In the present study, only in the case of A. altissima, 413 

the concentration of phenolic acids and flavonoids in litter was significantly correlated with the 414 



16

inhibition effect of litter on plant growth (shoot DM and root length) of the target species. The 415 

most abundant phenolic compounds detected in A. altissima litter were chlorogenic and gallic 416 

acids, which is in agreement with the results found by Albouchi, Hassen, Casabianca, and 417 

Hosni, (2013). Compounds other than phenolic acids and flavonoids may also mediate 418 

inhibitory effects on target species. In fact, allelopathic effects are more likely to be produced 419 

due to the combination of several compounds rather than due to a single one (Blum, 1996). 420 

Other compounds with high phytotoxicity potential such as, ailanthone, ailanthinone, 421 

chaparrine, and ailanthinol B have been identified in root and stem bark extracts of A. altissima422 

and robinetin and myricetin in leaf extracts of R. pseudoacacia (De Feo et al., 2003; Heisey, 423 

1990; Nasir et al., 2005; Pedersini et al., 2011). Besides, according to Bonanomi et al. (2011), 424 

inhibitory effects of litter could be positively related to litter decomposition rates. However, in 425 

our study, species-specific effects, i.e. differences in the inhibitory effects produced by the 426 

different donor species, could not be explained by different litter decomposition rates, because 427 

litter from both R. pseudoacacia and A. altissima produced some of the lowest inhibitory effects 428 

even when R. pseudoacacia had lower decomposition rate than A. altissima (Alonso et al., 429 

2010; Medina-Villar et al., 2015a). In accordance with these results, stimulatory effects of 430 

decomposed litter from R. pseudoacacia have been reported (Bonanomi et al. 2017). 431 

Litter can positively influence plant growth by releasing nutrients, such as nitrogen, or 432 

by keeping soil moisture (Facelli & Pickett, 1991). In our study, litter of the exotics A. altissima433 

and R. pseudoacacia produced a net effect neutral or positive in two of the target species, D. 434 

glomerata and C. album. The reason for these neutral or positive effects could be the 435 

improvement of soil nutrient status by litters, probably due to the higher nitrogen concentration 436 

in A. altissima and R. pseudoacacia litters than in P. alba or U. minor (Medina-Villar et al., 437 

2015a, González-Muñoz et al., 2013). Greater concentration of nitrogen in litter could lead to 438 

higher quantities of nitrogen released from litter of A. altissima and R. pseudoacacia to the soil 439 

solution. In fact, greater nitrate content was found in soils collected from riparian forests 440 

invaded by A. altissima and R. pseudoacacia than in soils from native forests dominated by P. 441 
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alba (Medina-Villar et al., 2016). The improvement of soil characteristics by exotic litter could 442 

not only benefit the growth of native species but also favour the establishment of opportunistic 443 

exotic species, a phenomenon known as “invasional meltdown” (Simberloff & Von Holle, 444 

1999). In fact, a vegetation survey showed greater richness and cover of understory plant 445 

species, overall exotics, under the canopy of R. pseudoacacia than under the native pine-oak 446 

canopies (Von Holle, Joseph, Largay, & Lohnes, 2006). Besides, the reported lower 447 

decomposition rate of R. pseudoacacia litter compared to that of the other co-ocurring tree 448 

species (Alonso et al., 2010; Castro-Díez et al., 2009, 2012; Medina-Villar et al., 2015a) could 449 

extend the time that the litter layer positively influenced the soil environment for certain 450 

understory species. In the case of A. altissima, field studies showed that this exotic species 451 

generally reduced growth and diversity of understory plant species (Gómez-Aparicio & 452 

Canham, 2008; Motard, Muratet, Clair-Maczulajtys, & MacHon, 2011). This suggests, that in 453 

natural field conditions, the likely positive effects produced by the easily decomposed A. 454 

altissima litter on understory species could be masked by inhibitory effects exerted by other 455 

mechanisms, such as the continuous root exudation of allelochemicals to rhizosphere. For 456 

instance, Heisey (1990) found greater inhibitory effects of root extracts than leaflets, rachises or 457 

bark extracts from A. altissima. 458 

 During litter decomposition, soil microorganisms can degrade chemical compounds into 459 

others with more or less allelopathic potential (Cipollini, Rigsby, & Barto, 2012). In fact, we 460 

showed that total phenolic and total flavonoid concentrations dramatically decreased during the 461 

first phase of litter decomposition while fungal biomass (quantitatively estimated as ergosterol) 462 

increased. Our results highlight the importance of fungal biomass as a modulator of the 463 

inhibitory effects of litter. For instance, fungal endophytes in plant tissues have been found to be 464 

associated with higher litter decomposition rates due to changes in litter quality (Gundel et al., 465 

2017). This implies that ecosystems with a degraded fungal community may lead to slower 466 

fungi-mediated degradation of allelochemicals, leading to higher persistence of allelochemicals 467 

in the soil and finally greater inhibitory effects of litter.468 
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Influence of litter age on the net effect of litter on understory species 469 

Phytotoxicity of litter changes during the decomposition process and in turn, such a 470 

phytotoxicity dynamic can change with litter species (An et al., 2002). In our study, the effect of 471 

litter age varied with both donor tree and target species. For instance, the growth of D. 472 

glomerata was generally more inhibited by fresh litter, the growth of C. album was more 473 

inhibited by half-decomposed litter of U. pumila and by fresh litter of A. altissima and the 474 

growth of T. repens was more inhibited by fresh litter of A. altissima and P. alba and by highly 475 

decomposed litter of U. minor. On the one hand, the greater inhibitory effect of fresh litters than 476 

that of decomposed litters could be related to the higher contents of phenolic compounds in 477 

fresh litters, which could be released to the soil. On the other hand, the greater effect produced 478 

by decomposed litters of U. pumila, U. minor and P. nigra could be due to compounds 479 

produced by microorganisms or by allelochemicals that persist in the soil for a long time 480 

(Harper & Lynch, 1982, 1981; Sosa, Valares, Alías, & Chaves Lobón, 2010).  481 

Sensitivity of target species to litter 482 

The germination and growth of different plant species may be hindered or facilitated to 483 

a greater or lesser extent in the presence of litter in the soil environment (Li et al., 2014). The 484 

germination speed of the annual herb C. album was reduced in the presence of fresh and 485 

decomposed litters from the different donor species, but this well-defined pattern was not 486 

detected in the perennial target species. This is in accordance with a recent study showing 487 

greater sensitivity in annual plant species than in perennial species to litter from different donor 488 

plant species (Bonanomi et al., 2017). However, regarding plant growth variables, D. glomerata489 

and C. album were less affected by litter treatments than T. repens, which could indicate 490 

superior detoxification mechanisms in the former, reducing the effect of allelochemicals (Weir, 491 

Park, & Vivanco, 2004). Greater sensitivity of T. repens than D. glomerata and C. album could 492 

also be due to the smaller seeds of the former than those of the latter (1000 seeds = 0.50-0.80 g, 493 

0.87-1.03 g and 0.96-1.70, respectively; Borawska-Jarmułowicz, 2018; Burdon, 1983; Williams, 494 

1963), according to Bonanomi et al. (2017). In addition, the greater sensitivity of T. repens to 495 
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litter phytotoxicity could be related to the different root architecture of the target species and 496 

concentration of chemicals in soil layers. T. repens roots are shallower and shorter than D. 497 

glomerata and C. album roots (personal observation). Since a greater concentration of chemical 498 

compounds leaching from litter could remain in the top layers of the soil (Barbier, Gosselin, & 499 

Balandier, 2008), roots of T. repens would be more affected. Similarly, previous studies using 500 

litter extracts in Petri dish bioassays also showed that C. album was less sensitive than T. repens501 

(Catalán et al., 2013; Medina-Villar et al., 2017). 502 

503 

Conclusions504 

The overall negative net effect of litter on the growth of target species indicates a 505 

predominance of phytotoxic versus facilitative effects in both native and exotic species. Exotic 506 

species produced similar or even lower negative effects than native species which does not 507 

support the Novel Weapons Hypothesis. However, the inhibitory effect of litter from the exotic 508 

U. pumila on the growth of target species was stronger than that of the other exotic species, A. 509 

altissima and R. pseudoacacia. The role of litter age on the net effect of litter varied depending 510 

on both target and donor species. During litter decomposition, the concentration of total 511 

phenolics and flavonoids decreased while ADF, lignin and ergosterol increased. Our results 512 

highlight the role of fungal colonization in litter as modulator of the inhibitory effect of exotic 513 

and native litters on understory species.  514 
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775 

776 

777 

778 

Fig. 1. Mean (± SE) response index (RI) of Trifolium repens shoot dry matter (DM) (A), 779 

root DM (B) and root length (C) in the presence of litter from the donor species: 780 

Ailanthus altissima (Ai al), Robinia pseudoacacia (Ro ps), Ulmus pumila (Ul pu), 781 

Populus alba (Po al), Populus nigra (Po ni) and Ulmus minor (Ul mi), at different litter 782 

ages (t0= fresh litter, t1= 1 month, t2= 2 months, t3= 3 months). For RI-root length the 783 

litter age factor is not shown because it was not statistically significant (ANOVA, P > 784 

0.05, see Appendix A: Table 1) and in the cases of RI-shoot DM and RI-root DM both 785 

factors (species and litter age) are shown because their interaction was statistically 786 

significant. Different letters mean significant differences among litter ages (T) for each 787 

donor species (Sp) (1A and B) and among species (1C) (Tukey test P < 0.05). 788 

789 

Fig. 2. Mean (± SE) response index (RI) of Dactylis glomerata shoot dry matter (DM) 790 

(A), root DM (B) and root length (C) in the presence of litter from the donor species: 791 

Ailanthus altissima (Ai al), Robinia pseudoacacia (Ro ps), Ulmus pumila (Ul pu), 792 

Populus alba (Po al), Populus nigra (Po ni) and Ulmus minor (Ul mi), at different litter 793 

ages (t0= fresh litter, t1= 1 month, t2= 2 months, t3= 3 months). The effect of donor 794 

species (left panels) and litter age (right panels) are shown separately because the 795 

interaction between the two factors was not statistically significant (ANOVA, P > 0.05, 796 

see Appendix A: Table 1). Different letters in each panel mean significant differences 797 

among donor species (Sp) (left panels) and among litter ages (T) (right panels) (Tukey 798 

test P < 0.05). 799 
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800 

Fig. 3. Mean (± SE) response index (RI) of Chenopodium album shoot dry mass (DM) 801 

(A), root DM (B) and root length (C) in the presence of litter from the donor species 802 

Ailanthus altissima (Ai al), Robinia pseudoacacia (Ro ps), Ulmus pumila (Ul pu), 803 

Populus alba (Po al), Populus nigra (Po ni) and Ulmus minor (Ul mi) at different litter 804 

ages (t0= fresh litter, t1= 1 month, t2= 2 months, t3= 3 months). Figs. 3A and B805 

separately show the effect of donor species (left panels) and litter age (right panels) 806 

because the interaction between the factors was not statistically significant (ANOVA, P807 

> 0.05, see Appendix A: Table 1). In the case of RI-root length both factors (species and 808 

litter age) are shown because the interaction between the factors was statistically 809 

significant. Different letters mean significant differences among donor species (Sp) 810 

(Figs. 3A and B, left panels), litter ages (T) (Figs. 3A and B, right panels) and among 811 

litter ages (T) for each donor species (Sp) (Fig. 3C). 812 

813 

Fig. 4. Concentration of total phenolics (A) total flavonoids (B), acid detergent fiber 814 

(ADF) (C), lignin (D), cellulose (E) and ergosterol (F) in leaf litter from the invasive 815 

species, Ailanthus altissima (Ai al), Robinia pseudoacacia (Ro ps) and Ulmus pumila816 

(Ul pu), and the native species, Populus alba (Po al), Populus nigra (Po ni) and Ulmus 817 

minor (Ul mi), at different litter ages (t0= fresh litter, t1= 1 month, t2= 2 months, t3= 3 818 

months). Results of one way-ANOVA for each factor, donor species (Sp) and litter age 819 

(T), are presented. Exotic invasive species are represented by continuous lines and 820 

native species by dashed lines. Data points for Po ni at t3 are lacking because the 821 

sample was lost in the field.  822 

823 
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Fig. 5. Correlogram showing correlations between dependent variables: acid detergent 824 

fiber (ADF), cellulose, lignin, ergosterol, total phenolics (TPh), total flavonoids (TFl) 825 

concentrations of litter from donor species (Ds) and response index (RI) 826 

(RI_shoot_DM, RI_root_DM and RI_root_length) of the target species (Ts). Color 827 

intensity and the size of the circle are proportional to the correlation coefficients. The 828 

legend (right side of each correlogram) shows the correlation coefficient and the 829 

corresponding color: Blue circles mean positive correlations and red circles negative 830 

correlations. Blank spaces without circle are non-significant correlations (P > 0.05).  831 

832 

Fig. 6. Principal components analyses (PCA) of the dependent variables: litter traits of the 833 

donor species -concentration of cellulose, acid detergent fiber (ADF), lignin, total flavonoids 834 

(TFl), total phenolics (TPh) and ergosterol- and mean response index (RI) of shoot DM, root 835 

DM and root length of the target species. Different colors of ellipses represent different levels of 836 

each factor: (A) origin of the litter -exotic vs native-, (B) donor species -Ailanthus altissima (Ai 837 

al), Robinia pseudoacacia (Ro ps), Ulmus pumila (Ul pu), Populus alba (Po al), Populus nigra838 

(Po ni) and Ulmus minor (Ul mi), (C) target species -Chenopodium album (Ch_al), Dactylis 839 

glomerata (Dg) and Trifolium repens (Tr), and (D) litter ages (t0= fresh litter, t1= 1 month, t2= 840 

2 months, t3= 3 months). Ellipses that do not overlap mean significant differences between the 841 

levels of each factor (P < 0.05) regarding dependent variables.   842 

843 

844 

845 
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Appendix A: Fig. 1. Mean (± SE) response index (RI) of germination percentage (left panels) and speed germination 
index (right panels) for the target species Trifolium repens (A), Dactylis glomerata (B) and Chenopodium album (C) in 
the presence of litter at different litter ages (t0= fresh litter, t1= 1 month, t2= 2 months, t3= 3 months) from the donor 
species: Ailanthus altissima (Ai al); Robinia pseudoacacia (Ro ps); Ulmus pumila (Ul pu); Populus alba (Po al), Populus 
nigra (Po ni) and Ulmus minor (Ul mi). 
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Appendix A. Fig. 2. Correlograms for each donor species: (A) Ailanthus altissima, (B) Robinia pseudoacacia, (C) Ulmus pumila, (D) 
Populus alba, (E) Populus nigra and (F) Ulmus minor, showing correlations between dependent variables: acid detergent fiber (ADF), 
cellulose, lignin, ergosterol, total phenolics (TPh), total flavonoids (TFl) concentrations of litter from donor species (Ds) and response 
index (RI) (RI_shoot_DM, RI_root_DM and RI_root_length) of the target species (Ts). Color intensity and the size of the circle are 
proportional to the correlation coefficients. The legend (right side) shows the correlation coefficient and the corresponding color: Blue 
circles mean positive correlations and red circles negative correlations. Blank spaces without circle are non-significant correlations (P
> 0.05). 
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